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MtOFS\SIONAL  CROUF  ON  HtUTAPY  ELSCTRONICS 
iMSTiTure  or  radio  cnc/necns 


NATIONAL  CONVENTION 

PROFESSIONAL  GROUP  ON  MILITARY  ELECTRONICS 


Military  electronics  is  now  at  the  very  center  of  the  U.  S.  Jefense  effoct.  It?  Uk^rtance,  mhI  the 
urgency  of  its  commitments,  can  b::MTlly  be  overestimated  If  vre  consider  all  the  f''ctorf»  that  comcK>se  tbe 
historical  situalioo  we  are  living  with,  and  shall  live  with  In  the  yeats  juat  ahead. 

At  the  saiae  time,  the  national  significance  of  military  electronics  reinforces  tbe  drive  toward 
constant  development  of  new  techniques,  materials,  processes,  equipme^  s;'Steos,  and  design*  ideas. 
As  0  result,  military  electronics  is  alwoys  on  the  frontier  of  the  entire  elett-'Mucs  inds^ry.  The  cortribo- 
tions  of  military  electronic  engineers  in  their  professional  work  are  second  to  oone  in  advancing  the  ^ate 
of  ttie  art. 

Yet  this  is  a  relatively  new  field.  We  are  holding  only  the  fourth  oT  .lur  national  conventions  as  a 
professional  group.  The  fact  that  wc  are  a  young  member  of  the  IRF  attests  to  the  dynamisjc  that 

has  characterized  the  growth  of  our  professional  specialty. 

So  we  may  legitimately  feel  a  deT.p  satisfaction  that  this  conv« tittoa  is  important,  because  ^  its 
national  significance;  valuable,  because  of  the  technical  nature  of  i  »e  wcA  in  its  field;  and  progressive, 
because  of  the  newness  of  our  objects  of  study.  The  work  of  Il'is  to,^  -entioa  will  io  itself  be  a  contribu* 
tion  to  scientific  piogress-as  will  the  work  of  our  local  chapU  rs  across  the  ^oarKjy. 

It  i  •  a  pleasure  to  welcome  all  who  are  attending  our  fourth  national  conveniioa.  We  look  forward 
to  a  rewar  ing  scries  of  meetings  and  another  year  of  gi*'wlh  and  achicvetiMml  .tfterwMd. 


Kr-TirWT  1.  CRA  Conv-?mUo.i  Presidij 


ill 


frmiOOUCTION 


The  4di  Naiioaal  Coareadea  oa  Military  Elearoaict,  sponsored  by  the  Ptofeasional  Group  oa 
Military  Electrooica  of  the  laatitote  of  Radio  Engineers,  has  authorized  publication  of  these  PROCEED¬ 
INGS  coQtaining  all  the  Mctassified  papers  presenied  at  the  Convention.  Also  listed  ate  the  titles  and 
authors  of  the  cUssificdl  pap^  vhich  were  presented  under  the  sponsorship  of  the  Air  Research  and 
Developtnent  Coataand,  tfaised  Slates  Air  Force. 

The  tesponse  to  ear  call  for  papers  was  gratifying.  Mote  titan  400  absuacta  were  submitted  for 
oonsideration.  This  year  oar  convention  has  outgrown  one  hotel  and  we  have  had  to  use  two.  Our  lech- 
aical  progntiH  is  running  )  ty  Five  concurrent  sessions  were  held  in  each  of  the  five  peiiods.  With 
bom  4  to  6  papers  in  each  session  a  total  of  over  115  papers  were  presented.  The  Comraittee  regiets  that 
it  was  impossible  to  use  all  of  the  asany  very  good  absttacis  submitted.  The  Committee  offers  its  sincere 
thanks  to  (hose  authors  coorrAuting  to  (he  Program.  We  recognize  tliat  the  success  and  value  of  (he  con- 
veotion  tests  mainly  upon  the  efforts  of  (be  authors. 

Those  papers  which  were  not  available  by  (he  publisher’s  deadline  date  are  being  pteseoted  In  the 
abstract  form.  5pace  is  left  on  the  page  to  allow  members  of  the  audience  to  take  notes  oo  the  presenta¬ 
tion.  In  some  cases,  the  aodiots  will  have  printed  copies  of  theit  papets  to  distribute.  The  teat  and  i|- 
lusuations  ate  reproduced  as  received  from  the  authors.  The  papets  are  not  edited  for  technical  content 
so  that  the  responsibility  Cm  the  eoaieni  of  the  papers  published  In  this  PROCEEDINGS  rests  upon  the 
authors.  Any  comments  or  ^nestioas  tegarding  (he  papets,  requests  for  additional  data,  or  individual  re¬ 
prints  of  these  papers,  sbwold  be  forwarded  directly  to  the  respective  auiliors.  Requests  lot  copies  of 
individual  classilied  paper:  should  be  made  to  the  authors  through  appropriate  channels  in  accordance 
with  security  regulations. 

As  Qiairreao  of  the  rcchoical  Program  Committee  I  »!sh  to  t.-.kc  this  oj-pottunity  to  esprCsS  ay 
sincere  thanks  and  appreciarion  to  the  individual  Committee  'lembets,  kJvjsors  and  '-loderators  who 
assi.sted  in  planning  and  caoyiog  ow  tlie  Technical  Program.  Tlie  interest  and  support  of  the  many  co¬ 
sponsoring  companies,  listed  in  the  back  pages  of  this  public.tlion,  has  helped  toward  making  it  pos¬ 
sible  to  publish  it  and  to  peoridr  each  registrant  witi:  a  copy  without  additional  clurge. 


CRAIG  M.  CRENSHAW,  Qiairman 
Technical  Program  Committee 


PG.MIL  THROUGH  THE  YEARS 


The  successful  or^nization  and  growth  of  the  IRE  Professional  Group  on  Military  Electrodica 
orer  die  past  five  years  is  an  achieveme.n;  that  ail  members  of  the  Group  should  know  about. 

The  decision  to  organize  the  Group  was  made  at  a  meeting  during  the  193?  IRE  Natloaal  Conve*' 
tion  in  New  York  City.  Dr.  Ernst  Weber  (past  President  of  IRE),  Mr.  Lawrence  G.  Cumming  and  Mr.  Wil¬ 
liam  .M.  Richardson  met  with  Captain  C.  L.  Engleman,  USN  (Ret.)  who  presented  a  written  report  of  hia 
study  on  the  "pros  and  cons"  of  forming  a  "Professional  Group  on  Military  Electronics  Operations."  Aa 
a  result  of  this  meeting,  Captain  Engleman  was  asked  to  undertake  the  task  of  organizing  the  poup. 

The  petition  to  form  the  new  group  on  Military  Electronics  signed  by  interested  IRE  members  was 
approved  by  the  IRE  Committee  on  Professional  Groups  the  following  September  and  by  the  IRE  Ezecn- 
live  Committee  on  6  October  1955. 

The  first  meeting  of  the  ch.irter  National  Administrative  Committee  for  PG\IIL  was  held  on  12 
December  1955,  in  Washington,  D.  C.  The  Committee  consisted  of  the  folloa'ing  eighteen  inerobers; 

Maj.  Gen.  I".  L.  AnkenbranJt,  liSAF 
Dr.  James  Hr.antley,  Jr. 

Capt.  «'m.  I.  Bull.  USN 

Mr.  Carl  R.  Busch,  (Secretary) 

*>lr.  M.  Barry  Carlton  (deceased) 

Mr.  Ralph  L.  Clark 

Brig.  Cicn.  Earle  F.  Cook,  US.% 

Capt.  C.  !,.  Englcinan,  USN  (Ref.)  (Qiairman) 

Dr.  Howard  Engstrom  (Treasurer) 

Rear  AJm.  I’ritz  Eurtli,  I'S.N  (Ret.) 

<iol,  Gordon  '.iould.  I’S.M-  (Vice  Oiaitm.an) 

')r.  Harvey  H.ill 
Dr.  fieorge  I,.  Haller 

Mr.  John  li.  Kero  . 

Capt.  David  S.  Little 
Mr.  'I'illi.im  M.  Rich.ar.lson 
Mr.  l-Jv/in  Speak.Ti.in 
Brig.  Gen.  F.  F.  rlirluine.  US.A 

Tlie  .approved  (ionstitution  spelled  out  the  scope  of  the  tiroup’s  activities  as  follows: 

'Tlic  field  of  interest  of  this  group  shai!  l>e  concerned  with 

the  electronic  sciences,  systems,  activities  and  services. 

gcr.mane  to  the  requirements  of  the  Military  ...  . 

“Tliis  group  will  aid  other  Profcs.sional  Groups  of  the  IRE 

in  their  li.iison  with  and  services  to  the  Milit.aiy  through  '  ■  > 

jcint  meetings  and  activities,  and  by  other  appropriate 

means  alway.s  keeping  alen  to  the  specific  fields  of  interest 

of  other  Professional  Groups." 

The  very  next  IRE  National  Convention  (1956)  found  PGMII.  very  instrumental  In  |>fovidIng  the 
speaker  for  the  notable  "Highlight  Session*  repotted  on  "Project  VanguardL* 


VI 


The  fii»t  National  IRE  PGMIL  CoaacntiM  aa*  fc*M  17-19  Jnoe  1957  at  tb«  Sheraton  Pnrk  Hotel 
in  Tashingtoo,  D.  C.  Of  over  300  absnacu  M^myiatJ,  the  |i<o|raa  included  tome  80  technic  il  papeca, 
‘^laasified  aeaaiooa  apoaacred  bjr  braitchea  of  the  rkpatoaeac  of  Defenae  vtxe  held  in  the  OepiiTtncM  of 
rrxnmetce  Auditoriom.  The  banqen  apealcc*  «at  Li.  Get.  C.  S.  Irrine,  U!^F,  and  the  lunchcor  tpcalneta 
Rear  Adm.  V.  F.  Rabotn,  USN.  Some  100  military  aad  iadaatrial  cihibita  vete  cu  diaplay. 

In  March  1957  (be  first  issue  of  the  Tranaactiaaa  of  the  PGMIl.  was  published.  Tha  moic  frequeot 
nevsietter,  NQL-E-GRAM.  had  made  its  appearance  ia  October  1955. 

By  the  end  of  June  1957,  PGMIl.  boasted  of  an  me  3300m«mb«ts  with  12  chapters  from  Lot  Angcica 
to  Long  Island  and  Buffalo  —  Niagara  to  Central  Florida.  It  had  attained  eighth  place  membership-wise 
of  the  24  professional  groups  of  IRE. 

Rear  Adm.  V.  E.  Cleaves,  USN  (Ret.),  who  had  served  so  ably  as  President  of  the  1957  PGMIL 
Convention,  was  elected  Chairmen  of  the  PGMIL  Nacioeat  Administrative  Committee  fot  1957—1958.  He 
advocated  even  stronger  orgsnizational  and  publish^g  policies  in  line  with  the  fsvotsble  finsneial  status 
of  the  Groiqi. 

The  Second  National  Convention  of  PGMIL  was  held  June  16-18,  1958  in  Vashington,  D.  C.  Dtig. 
Gen.  W.  B.  Larew,  USA  (Ret.)  served  as  Presidetre^  MC.  W.  VI,  Holaday  as  the  banquet  speaker,  nnd  Dr.  S- 
T.  Herwald  was  speaker  fot  the  luncheon. 

For  the  ye-i  1958-39,  Mr.  Edwin  A.  Speakmaa  of  RCA  was  elected  National  Chairman  of  PGMIL. 
Under  his  leadeiship  membership  expanded  to  over  dOOOL  The  PGMIL  Transactions  were  revised  to  fea¬ 
ture  a  "guest  editor*  fot  each  edition,  ensuring  a  contianed  high  level  of  authorship  for  its  contents.  Mr. 
Speakman  appointed  Lt.  Gea  Cilliam  Kepner,  C.SAF  (Ret.)  to  be  President  of  the  Thitd  National  PGMIL 
Convention,  which  displayed  a  healthy  growth  over  the  two  previous  ones, 

Irt  V’-ch  1959  't.  ‘^j'e.-kmsn  ipr-'eted  •.ft.  B.  J.  Gr'dftfb,  Tesii-.ghouse  Electric  Company,  Air 
Arm  Division  to  be  Editor  of  NflL-E-CRAM,  the  Newsletter  of  the  Professions!  Group  on  Military  Elec- 
trenics.  He  still  continues  the  task  of  gathering  intetvstisg  topical  cotes  from  the  taciturn  membership. 

For  the  year  1959-50,  Mr.  Henry  Randall  of  the  Office  of  the  Dilector  of  Defense  Research  and 
I:nginecring  was  elected  National  Chairman,  The  oiost  significant  innovation  during  this  year  haa  bee* 
the  initiation  of  an  additional  national  meeong. 

In  response  to  the  demand  from  the  R*csx  Coast  PGVIIL  membership  a  Mid-Tinter  Convention  was 
held  in  Los  Angeles  in  Februars-  with  Dr.  I—  C.  Va*  Ana  as  President  of  the  Convention.  Over  2000 
people  participated  in  this  attempt  to  serve  the  geogiapliic  areas  of  the  country  more  uniformly.  The  op¬ 
eration  was  so  well  received  thar  it  will  surely  be  repcaicd. 

Dr,  James  tl,  Br.u-itley,  Jt.,  .and  Dr.  CVsnalJ  R,  Rhodes,  both  of  Radiation,  Inc.,  have  served  as 
-.o-Editors  of  the  PGMIL  Transactions  from  the  begianing.  During  Df,  Brantley's  recent  severe  ill¬ 
ness,  Dr.  Rhodes  has  carried  the  full  responsi  biJIry. 

^^r.  R.  K.  Oanshaw  appointed  Chainaafl  ol  die  4di  National  ConTcntion,  which  has  begun  lo 
be  calletJ  .•fiI*H*Con,  Those  of  you  who  have  attended  ebrse  oeecings  me  awaxe  how  this  meeting  exceeds 
the  previous  one.s.  The  gfeater  nuinbct  of  si^>crftac  cedtatcal  papers  subroicted  anJ  the  numerous  ce^uests 
from  exhibitors  have  created  the  pressure  which  has  been  airt  by  the  expanded  operations  in  I960, 
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4th  NATIONAL  CONVENTION! 
PROFESSIONAL  GROUP  ON  MILITARY  ELECTRONICS! 


(;{>NV^;^T10^  ADVISORS 

Dr.  T.  Kti(b  CUnnan . A<Jmtnist**tot,  Macional  Acronauuct  and  Spac«  Ad* 

cninistracioo 


Dr.  Herbert  F.  York,........, . Dircctoi  of  Defense  R-K,  T>cpartment  ol  Defeoa^ 

Admirat  Arietgh  A.  Surke,  C'S.V . . . Chief  of  Naval  Opcraiions,  Oepaftmeni  of  the  Navy 

Liewlenant  Cenera!  Atihuf  G.  Trudeau,  V5A . Chief  of  Research  and  Development,  Depannient  of 

tlie  Army 

LiVufertan/  Cenerat  Roscoe  C.  ^'ilsort,  USAF . OepatyChief  of  Staff  for  Development,  U.  S.  Air  Force 

Vice  Admiral  ]ohn  T.  Hayward,  (^SN . Deputy  Chief  ol  Naval  Operations  fer  Development 

Lieutenant  Central  H.  A.  Schriever,  t'CAF . Commander,  Headt^uartets,  Air  Research  and  Devel* 

opmeni  Command 

Liruttnani  Central  Willian  fz.  Kepnrr,  iJSAF(RetJ.  Chairman  of  the  Ooard,  Radiation,  »nc. 

Hemy  Randall . . . Office  of  Elevtio.«ics,  Office  of  the  Director  of  De¬ 

fense  (R*E} 

John  E.  Durkovic  . .  . . . . Aeronsutical  Radio,  Inc. 


N  OIIITAIY  FUCTRONICS 
ft.  institute  of  radio  engineers,  INC 
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CONVENTION  COMMITTEE 


C:ooTCOti<^a  President:  Robert  H,  Oansh»w  Cloowntioo  Secfetoor:  JosqA  Av«»Aik«  Jr. 

Maaa^r,  Advanced  Devclopmeot  Salea,  Light  U.  S.  Naval  RearArch  LAbotatocy. 

Military  Clect/onics  Ditiuod,  General  Electric  Washington^  D.  C. 

Company,  831  Broad  St.,  Utica,  New  York 


EXHiarrs  cosemittee 

Chainnao:  L.  D.  Vhitclock 
Bureau  of  Ships,  Washington^  D.  C. 

E.  P.  Homburg,  Sylvaola  Electric  PsoJueia.  !nc. 
Washington,  D.  C. 


R.  C.  Carpenter,  Bureau  of  Ships, 
Washiagtoo,  D.  G. 


REGISTRAHON  COMMITTEE 

Cbainoan:  Jack  M.  Carter 
Jansky  and  Bailey,  Inc. 

3629  M  Street,  N.W.,  Washingtoo,  D.  G 

Tliomas  L.  Sauler,  Jansky  and  Bailey,  !oc..  Misa  E.  Callahan,  Jansky-  and  Bmitvy,  loc., 

1339  Wisconsin  Avenue,  N.W.,  Washingtoo.  D.G  1 339 Wisconsin  Aveoue.  N,  W.,  VAshington,  0.  G 


'’.RANGEMENTS  COMMITTEE 

A  Ch.irmka.  Tilliam  H.  Huls* 

Assi.  Easjera  Region*'  Defense  Minagei 
Teitinghouse  Eleciric  Corporation 
l62i  K  Street,  N.T.,  T.shirtgton,  D.  C. 

J.  C.  Lingle,  Chief,  Special  Projects  Office, 

^  Hq  ^RDC,  ROA-3,  Andrews  Ait  Force  3a*e, 

Washington,  D.  C, 

Paul  Adams,  District  Sales  Manager,  Light  Milr- 
tary.  General  Elecaic  Company,  Wyatt  Duildtng, 

777  Mch  Street,  N.T.,  Washington,  D.  C. 

V 

FLNANCE  COSNITTEE 

Chairman;  Jesse  H.  \dams,  Engleman  and  Com-  William  Graees,  Hoye,  Smith,  Graees  sod  Company, 

piny,  Itjc.,  2480  iCih  St.,  N.W.,  Washington,  D.C.  1145  19th  Suect.  \.W..  Wishingttai.  D.  C, 


IS 


Maj.  J.  K.  Stein,  USAF.  Asst.  C3>ief,  Inst.ll.tion 
Security  Oranch  Hq  ARDC,  RDISF,  Aisdrevt 
Air  Force  Base,  Washington,  D.  C, 

Mrs.  Catherine  Latimer,  lostaDMio.  Security 
Stanch,  Hq  ARDC.  RDISF,  Antlfrvs  .Air  Force 
Base.  Washington,  O.  C. 


CONVKNTION  COMMITTEE  -  Coniinued 


PUBUC  RELAHOKS  COMXmTEC 

Chairma:  Chadet  DcVoi* 
CREI  Acoauca 
5224  16th  Sinct.  N.V. 
Waahinjcoa.  O.  C. 


Chadca  GailanJ,  Office  of  Naral  Commuiiicatiaaa, 
Vaahiojicac,  D.  C. 


McfbcR  H.  Roico,  Deputy  Public  lofomatiaa 
Officer,  National  Aetooautica  and  Space  Adaia,, 
1520  H  Street,  N.V.,  Waabington,  D.  C. 
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TECHNICAL  PROGRAM  COMMITTEE 
(Commitletmen  art  also  Technical  Session  l^oderatorai 

Qiaitroan:  Dr.  Craij  M.  Ctenaha* 

Department  of  the  Army 
Office  of  the  Chief  Signal  Officer 
Research  and  Development  Dieiaion 
Vaahingtoo,  D.  C. 


D.  J.  McLaughlin,  Corarnitiee  Advisor,  U.  S.  Naval 
Reaearch  Laboratory,  Tashiogtoo,  D.  C, 

Or.  Richa'd  A.  Weiss,  Scientific  Advisor,  Office 
Chief  Research  and  Development,  U.  S.  Atroy, 
Washington,  D.  C. 

Or.  Philip  Newman,  Chief,  Propagation  Laboratory, 
•Alt  Force  Cambtidge  Research  Center,  250 
Albany  Streec,  Cambridge,  Masa. 

Or.  Joseph  A.  Boyd,  Oitectot,  Project  Michigan, 
University  of  Michigan,  Ana  Atbor,  Mich. 
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IntroOttlai 

IMn  Otfltal  coiqntm  for  tpooo  (oldonco  «r« 
rwy  c««|tl«x  Mftchlrai  irlUi  functional  bloctro 
hou0«  thoutondj  of  indlriduol  •- 
laetroftic  coBponcnta*  In  addition,  tha  conpntar 
mmt  bo  capablo  of  functicnlaf  In  aoTon  nocho^ 
1cb1»  cUxBtlcAl  «Ad  iMclaor  anTlronaonto. 

If  ifaaint  daj  olactronlc  conponanta  and  pa^an* 
lag  ta^ttlqoaa  vara  uaad,  tha  alia  and  vdlght  of 
aa^  a  coaimiar  would  bacoaa  enomiM* 

1^  application  of  varloua  noval  oonccpta  of 
croniAlatorlMitlon  to  such  a  conputer,  a  olgni<> 
ricani  rwductlon  in  ita  alta  and  weight  could  ba 
achlasud,  cosd}lnad  with  graatar  potanllal  rail* 
ablU^. 

biaao  new  and  rapidly  growing  concapta  hawa  a 
eariaty  of  foms»  dapandlng  on  the  iachrviqua 
aaad,  and  in  ganaral,  ara  applicable  to  low  pow* 
ar  laaal  alactronlc  circuitiy* 

%a  preaantlj  existing  concapta  of  ^Icroalniatui^ 
laatlee  can  ba  diridad  into  tha  following  four 
baaic  approaehaa* 

!•  latagratlon  of  ona  or  aora  individual  con^ 
ponanta  of  the  aaaa  tgrpa  on  flat  aubstrataa 
wnlcb  In  turn  ara  integrated  into  I'-dieierw 
•iooal  functional  circuit  ludulea  (rtfarr- 
ad  to  aa  *aicro-*odula  concept*)* 

!•  Integration  of  varioua  group  of  varloua  coak> 
ponanta  on  a  alngla  subetrata  to  fom  an  aiv> 
tire  functional  circuit  (refarrad  to  m 
"tw^diaerulonal  coocept*)* 

3«  Foraation  of  all  the  alaiaenta  of  a  funetiot^ 
al  circuit  on  a  aingla  seMlconductor  aui^ 
strata  (refarrad  to  aa  *aolid-atata  coo-^ 

k.  ronation  of  circuit  TuncUon  <t  nlcroscop- 
ic  levals,  conMnlng  ;«alecular  particles  la 
obtain  any  predatemlnad  transfer  charac-» 
teriatic  (referred  to  as  ^alcpoclrcultiy* 

M'  "aolacular  circuitry*)* 

It  la  alao  possible  to  eoabine  various  approachea 
to  produce  a  spr-cific  circuit,  if  there  ere  sons 
advantages  to  ta  gained.  However,  the  above  nian- 
lioned  approaches  have  already  been  establishad 
as  basic  for  the  present  stita  of  the  art* 


Component  density  la  an  Inportant  factor  which  la 
directly  associated  with  ar^  concept  of  ^icronirw 
iaIurlMllon  (though  in  lypr  3  and  I  approaches, 
"functional  circuits  densiV-*  would  ta  a  nora 
proper  tern).  Cenerally,  it  indicates  how  nsr^ 
coapoaeots  (or  clrruH  functions)  can  be  **squeax« 
ad*  Into  a  given  voluns  without  inrerlling  »iva 
normal  operation  of  the  circuit* 

In  inlsfralad  clrrulls,  the  conrtjncntr •  UenritT 


win  Oapafli  larvalr  w^m  tha  wdunetrla  affia^ 
laa^  af  iadteUtaal  ccuyenenta*  lha  latter  it 
dhfload  at  tba  rwtla  af  tha  vdltna  of  tha  aotlw 
alrnwl.  ta  Wm  total  walirsa  of  a  eoc^onent^  In 
general,  far  naai  aif  the  conventional  co^>onawta, 
voltsaatrle  afflri— ry  it  eai7  aaall*  For  exaiiH 
pis,  la  a  dlUft  30  traaa later  case,  tdilch  haa  « 
eolwM  of  appsenlMtaly  0*06  cubic  Inches,  ihs 
actlea  aleMoi  (asodeoadactor  vafar)  it  in  tha 
order  of  6  X  IC^  csiblc  iochet*  This  naana  that 
tha  *workablo*  part  af  a  transistor  constitutaa 
only  ^  ri  tb  af  ita  total  wol^saal  Tha  balance  la 
utllliSrfar  ROsoilBg,  intareorvweiing  and  pro* 
tocUf«  tha  MUva  alSMol* 

Slfillany,  tha  tMa  casboa  or  natal  flln  In  lo- 
dieictial  reoiators  ia  a  vary  snail  percentage  of 
tha  total  soloaa  asad  op  aton  bv  ninlatura  unite* 
Ihe  anna  la  tree  far  dlodaa  and  for  naqy  ^paa 
of  capaeittfo* 

Ihoa,  tha  first  atap  toMsrda  nlcroninlaturisa* 
tioa  weald  ba  aliiiinatlen  of  a  large  portion  of 
this  auparflaoas  conpeoaat  "houalng”  by  putting 
^stripp^*  eesponaota  of  an  antira  functional 
circuit  an  a  scry  thin  wafer  aubatrata*  In  raa* 
llaatloA  of  tMa  Idea,  the  type  1  and  2  concepta 
of  nicTTSilirtatarisatioo  ware  bom,  offering  a 
co^tonant  danalbT  to  ICP  co^wnanta  par  cubic 
foot*  Boeever,  tskiag  into  account  tha  apace 
occupied  by  intarconactlena  and  other  aaaashlli^ 
nadla,  tha  flaal  part  density  for  an  operational 
elect roBAc^agwipsest  say  aary  between  2  X  ICk 
aisi  6  X  XCF  coApoMBts  par  cubic  foot,  dapai4ir4 
oa  tha  type  af  circalt*  X)ia  la  apprcndjaataly 
a  lOtl  roi^ldoa  in  sisa  and  weight,  coi^>arad  to 
cooven Uoaal  agaipiatsU  of  tha  som  fmetien* 

la  nicroadndatsrtsstloo  concapta  type  3  arvi  b, 
when  coepcomts  loo«  their  indlvldu^  identities^ 
the  merit  of  their  Vanaity*  ba  expressed  by 
a  tem  called  Vqulveltot  ceaponant  density**  It 
is  based  oa  the  diomalans  (voluna)  of  a  type  3 
or  U  functloaal  clrcvlt,  ani  the  n\i«ber  of  indSvw 
idual  ca^oaeata  that  woold  ba  required  to  par- 
fore  the  same  drcelt  function  if  It  vara  ei^a  of 
those  ecapoeaata*  For  example,  a  solid-state 
nifKllop  Maaoras  J  X  l/e  I  1/3?  10”^  cubic  in- 
chew.  If  aadb  of  ccsrsrationsX  cooponenta,  tha 
fllp~fIop  woold  ra^olre  30  conponents.  This  nu»> 
ber  of  co^oBcata  in  the  voluoe  of  10*^  cubic  iiw 
chas,  rapraaeats  aa  "aquivslent  part  density*  ia 
order  of  30  X  lfi6  parts  per  cubic  foot* 

Iheoretleally,  the  type  b  concept  of  sieroalni* 
atwrisalloa  affers  aa  alaost  unllaited  *cquivs* 
lent  parts  deeialtj*  for  low  level  electronic  cif« 
cults*  Bowcicr,  the  developoent  of  an  adequaia 
interconnectlea  WdiBiqea  is  of  paramount  lapor- 
tanca  for  tha  fall  aUlisation  of  ^pe  U  c  j<-icept, 
as  ta  all  other  coocepu  of  micronlnislur.  nation* 

Froblem  of  TotrTcafwwcttons 

The  iDtereoaorctloos  arc  not  only  wssleful  froa 
the  point  of  virw  of  the  equipment  volumetric 
efficiency,  bat  ii\al  is  even  more  inportant,  they 
aiversaly  aflecl  the  reliability  of  the  ?qulpnenl. 
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•Inc*  •T«ry  •Incl*  lnt«reoni»cUon  «houl<l  b*  con¬ 
sidered  ■  potential  aourc*  of  unrollablllty »  • 
potential  lottree  of  a  fall«ro» 

To  lUuatraU  tha  eerlouanaaa  of  thl»  prf*la«, 
ona  has  to  consider  that  a  typical  alrboms  eo«- 
potw  p*ay  ha»s  as  naiy^  as  1*0,000  InUroonnsctloos 
In  a  lo|le  clrcalt  alonst 

•Ue  ars  alrsa^y  approachln*  a  11*1 t  for  conplsx- 
1^  with  an  acceptable  leeel  of  reliablll^*, 
said  Dr.  0.  E.  Hobsl  of  Hotorola.  "Contlnulnf 
this  line  of  doeelopnent  will  lead  ua  to  the  ul- 
tlMte  catastrophe  -  a  systes  of  naxlsu*  eonpls*- 
Ity  which  will  newer  work*. 

Consequently,  only  by  redacln*  the  nuAer  of  In. 
terconnectlons  which  will  lead  to  equlpnent  of 
lesi  conplexlty,  can  higher  rollahlllty  be  a- 


For  this  reason  the  reduction  of  phyilcal  else  of 
electronic  coisponenta  alone,  without  proper  e*“ 
phasls  on  their  intarcoimectlone,  cannot  be  of  a 
great  practical  value  to  one  concerned  with  the 
problena  of  building  reliable  elcroeilnlature 
electronic  equlpnent  for  apace  appllcaUon. 


Flgsra  1  ihoias  •  tloae-op  of  a  *-0  setpUflvr, 
with  de|w>altsd  raslatora  and  Integrated  cepe^ 
Afgl  MMloondttclon*  Th#  ifc# 

elrcslt  are  OJ*  X  OJ*  X  OJJJ* • 

■  In  •  tiore  odvancad  fore  of  J-®  ccoeept.  It  to 
feaslhla  to  dssoalt  all  tha  oe^nenta  (eaosyit 
lanlconductors),  and  their  principle  Intsroom^ 
tlons  on  a  sshstrate,  using  a  alngla  eetal,  Uis* 
attalnliy  a  higher  part  danslty  and  hlghar  rtlto- 
blllly. 

Followli*  electrical  teato,  a  nunber  ot  2-0  elr- 
culta  can  to  Integratad  Into  a  larger  functtonel 
building  block.  In  the  foreground  of  Figure  2 
there  s.*e  two  such  blocks,  each  of  which  la  s 
congMtsr  full  adder.  Each  block  conslsta  of 
asventesn  liwUvldoel  clrcului  aswen  aspUflsrs, 
sight  aW)  gstss  and  ona  flip-flop.  The  alaa  of 
Individual  circuits  la  0.5*  X  O.OJ*.  Ths  total 
iiuntor  of  eosponents  esployed  bf  the  adder  to 
eighty  flvet  nine  tranatstors,  thirty-five  di¬ 
odes,  thlr^-seven  resit  lore  and  four  capacitors. 
Ihs  vnluM  of  ths  sntlrs  circuit,  Includliic  all 
Intsrconractlone  Is  0.5  cubic  Inches.  Otto  cor¬ 
responds  to  e  circuit  parts  density  of  spprtoi- 
neuly  600,000  par  U  par  cubic  foot. 


Developrsent  of  proper  Interconnection  technique 
should  also  nake  possible  an  easy  •throw-sway* 
type  of  nalntensncej  l.e.,  the  Interconnection 
ahould  permit  easy  removal  of  an  Improperly  func¬ 
tioning  bulldli^  block  and  Ita  replacement  with 
a  rwiw  one.  Thus  the  maintainability  of  tha 
equipment  Is  tfioUier  tmfortant  factor  of  mlero- 
alnlature  electronic  cqulpiMst. 


and  ReduihUng 


totreaely  high  reliability,  which  la  required 
from  individual  electronic  coaponents  and  func¬ 
tional  blocks  of  a  space  equipment,  makes  the 
cost  so  high  ths.  sometimes  It  Is  difficult  to 
Justify  comerclaUy.  A  remedy  to  this  problek 
esn  be  found  in  redundancy  which  may  become  prac¬ 
tical  in  view  of  small  else  (and  hopefully  low 
cost)  of  microminiature  devices.  According  to 
Dr.  d.  VonNeusann,  the  principle  of  redundancy  la 
•used"  even  In  the  human  brain,  which  Is  composed 
of  individual  brain  cells  of  quite  e  low  reli¬ 
ability.  By  using  thousands  of  cells  where  per- 
hapa  one  could  have  done  the  Job,  and  a  very  so¬ 
phisticated  self-analyels  mechanism  that  allowed 
the  choice  of  the  best  operating  cells.  It  was 
possible  to  achieve  relliblll^  fectora  of  al¬ 
most  inflnlle  mignlUidt. 


plication  of  g-D  Co  nee 


Ths  'two-dlnanslonal*  concept  of  mlcromdnlstorll- 
atlon  has  bean  adaptod  as  the  most  feasible  s- 
pproich  for  a  apace  guldanca  computer  of  1961, 
Thle  concept  le  baaed  on  puttlr«  the  *etripped* 
ccnponenia  of  an  entire  functional  circuit  on  e 
very  thin  wafer  substrate.  Since  It  Is  an  almoit 
Uro-dlr.enslonal  package,  the  name  *?-ir  haa  been 
adopted  for  this  approach.  Tb  obtain  maalmu* 
part  denolty,  a  numtor  of  these  wefera  are  stack¬ 
ed  for  form  e  functional  block. 


Frotectloa  of  the  Indlwlduai  clixult  waters  to 
MsU  as  the  aubastaasbllet  and  circuit  groups 
agslnst  Severs  environments  Is  snothsr  l^porlsst 
problem  ot  mleroslnlaturlastloo.  So  tar,  moat 
ot  the  sttompts  to  coat  circuit  eompoBasts  with 
a  aultabls  protectlvs  aubstanco  dld^not  glw  sm- 
tlroly  satlsfactcry  results.  Ther.foim,  aa  a 
compromise  solution  to  this  problin*,  the  elreslt 
aubastemblles  and  functional  blocks  can  bs  •». 
capsulatsd  In  a  thin  walled,  hermetically  sealad 
plug,  the  plug  can  then  be  filled  with  an  Inert, 
high  heat  conductive  gas.  (Ses  Figure  3), 

tha  atorage  unit  of  the  eomputsr  cootrlbotea  a 
conslderabla  amount  to  Its  volume  and  melgbt. 
Therefcra,  various  methods  hsve  been  etudSed  tdtlto 
would  lead  toward  edcromlnliturlastloo  of  e*^ 
puter  storags  elsmenU  and  sisambllas.  ths  thlm 
tllm  taehnlquss  permit  storing  a  large  sneuiit  of 
InformiUon  In  the  minimus  epacs.  However,  tUe 
technique  !■  still  In  the  experlmenUl  stage. 
Frasent  plana  Involvi  ths  use  of  submlnlstore 
trsnsfluxoro,  BiltlspsrtuTs  terrlto  cores  wltb 
spproxlmstsly  0,1*  outslds  dlamstor.  Figure  k 
•hows  the  wiring  and  psckeglng  spproeeb  of  suck 
transfluxor  storage  asaefd>ly  for  epproxlmatelj 
10,0C»  blU  of  aosory. 

Flgurs  5  shows  sn  svploded  view  of  the  cemplsto 
assembly  of  the  mlcromlnlalure  computer,  the  ••- 
tlmaled  weight  Is  1?  pounds.  The  general  vtsm 
of  ths  eompour  Is  shown  In  Flgors  6. 

Figure  7  lUnstrstss  the  ralstlvs  site  reitoclloa 
of  typical  compuurs  that  hsa  been  aeea^llshsd 
ih>rli«  ths  psst  five  yesrs  and  prsdleta  tbs  Us- 
provsmenta  of  the  next  five  years. 

ConcluJlom 

Ths  major  piubles  confronting  ths  entire  comempt 


\ 


of  idCT«HiBlat«rtuUMi  t«<Ugr  li  rallablliV. 

Tb  adblava  klfk  ralltblll^,  the  lyttn  Huat  b* 
with  •  Bliilaua  n—hef  of  Intarconnectlota 
or  ti  tea  *«  aM  radundancf  In  dail<n. 

Vw  NA  Cvncapt  adapted  for  AKHt'a  Space  Coeputar, 
la  aa  approach  ahlch  can  be  natarlaliied  In  1961> 

ta. 

She  aaccesa  of  aixr  advanced  approach  wlU  dapand 
on  the  deaelepant  of  procaaaai  for  produclm 
the  etrcoll.  Without  proper  aaphaala  on  product^ 
bllltPi  a  dlacuaalon  of  the  relatlae  narlta  of 
Tarloua  concepts  ol  idcronlnlaturliatten  would 
be  laceacloalra  and  even  nialaadlnc* 
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Figure  1,  Single  Flip  Flop  Wafer  layout  - 
Carbon  Cc^oaltloo  Realtrtora 


ri(ur«  2. 


rigura  4  DUfTka  of  Pro(jo«ed  lotcrc  vMotloo 
Wlrl>«  for  Rtducod  Wlriiac 


Figure  3.  Typical  Utfle  iaocahljr  - 
Cutaway  Tlan 


Flfura  i.  Exploded  .lev  of  t-ticioaa/ilata.TO 
Coi^Ur  iMOMb!/ 


1 

I 


CIlTtUA  rot  TW  OROtJN  ctucw  Cg 
tcTtn  ununt  coRWincm*  im* 


A.  t.  Ct«4U 

HMttTC  l)«T«lop««»t  L«bOTltMt« 
rtlo  Alu,  CatlfonU 


l»tro<»ctl— 

T1>t*  par**  pt*«*at«  a  *7*t*“at^  ^atltatlaa 
plctur*  ol  a«]ai  bctsra  that  awat  A*  •**!»**<  l* 
optUaai  actlv*  aatallLc*  ca^**l*a*^*a 
a/tt**a.  tiae*  tha  aceaat  U  aa  CMBBMtc*ttoa(. 
wa  alll  aat  lavaatlMt*  «*a  »ilAaa«a  *a4  tracktoA 
of  athlela*.  tha  lettaclca  at  Uatallatlaaa,  ar 
tha  acaaaalc*  at  lauaehla*  locAata. 

Syataa  (rauaA  rulaa  ara  cacaAliakat  laf  a 
a/Dchfa'wua  aetlwt  ralap  Ay  aaalyaiat  tka  fallow 
lot  faeiara:  (a)  aava  pnpatatloa  aaA  radU 
Bolic;  (b)  paytaad  daalaa;  iO  parlofaaac*  at 
co<Duolcatloft  •ttd  cootrol  (*0 

of  fclay  llak.  la  partlealat,  t»»  propaM**®" 
aodala  at*  peitulaiad:  <1>  aatmal  i—athar  aad  pta- 
dlctad  gaoaagaatlc  activity;  (J)  all-wathar 
oparatlao  durluA  parloda  of  aavava  tadlot<^^Tba 
frc^eocy  raa(a  at  latataat  la  100  ca  10,000  oc/a. 

•*Optlaaja^  Irapuaocla*  ata  darlvad  tar  rha 
follovlng  ralay  llnka:  (a)  aatall Ua-to-*rova»d 
llhkt  caaalatlac  ol  aoCcooaa  that  ara  rlthar  area-* 
apacltiad,  Aaao-apcclfled.  or  both;  aad  (A)  later- 
aatalllta  Hake  coaeletlac  at  aateoaae  that  ara 
area-apcctflad.  Tha  {requeacla*  *»*  eelactad  oa 
tha  baata  at  tha  atJKtoua  AaadvldtU  that  cao  ba  re¬ 
layed  by  the  aatelllta  for  aped  fled  ay«t«  para- 
■etar*. 

Iha  Hake  ara  avaluatad  In  taro*  ol  llak  ea- 
paclty  a*  a  funetloa  ol  payload.  Tka  affect*  el 
varUtioea  aad  tteda-offa  saaag  ayrtCB  paraoetera 
on  tha  crafflC'baadllet  capacity,  opalpoaot  da- 
alpa,  aod  rocket  booater  pcrfocrudca  ara  dlecveeaA 


To  bc(la  tha  iaalyala,  v  will  aetabllab 
pTopaAatloo  aad  aolea  oodcla  that  accoaat  for 
ataoapharlc  abaorptloo  aad  aolte,  theiaal  tadla- 
tloo  froa  tha  (rouod,  (alaay,  aad  aua,  aad  Paraday 
rotatlaa. 

Ataoapharlc  Abaarptloa 

The  coaAlaed  ooa-oa-  abaarptloa  at  tha  tro- 
poaphara  aod  loaaephara  alaop  aa  t.orliaa  path  la 
ahois  la  rieara  1  aa  a  luacclos  ol  IrapucMy.  Tha 
Touar  curve  la  Aaaad  oo  typical  ai^war  rwithrr 
<f*l.  1)  aad  pradlccad  •asoasaatlc  activity  lor 
Jaouary  19AA  <r*f.  2).  TAa  upper  curva  la  Uead 
oo  heavy  ralalall  (ral.  J)  aad  aavata  fadlo*  typi¬ 
cal  ol  auroral  reflooa  <r*l.  A).  Batuveo  the  tw 
llaltlug  coobiaatlone  will  lie  the  actual  day-to- 
44/  4(*04/h«riC  l044C«o 

lUdIO  Woi4» 

7tgur«  2  •How  th«  m1s4  CMfCfdCvfC  ftp« 
grouad  thcnMl  itdlitto*.  eTOpo»r^*rlc  4baorpCioa» 


aod  COMIC  —la*  at  a  pal»tl«« 

ward  the  borlaoa. 


M>  ‘avorat^  tfo— *  (rcl.  5)  U  Mtmmt4  t» 
radlata  at  aa  atalvalaat  black-body  t—poratara  a* 
290  »  iftt#  th«  Mto  %•—  mlftor  lokd*  ol  s  cti^ 
cuUrly  polarlaad  amtataa  (raf.  «>- 

Tha  tropoapbartc  aolaa  cwrvaa  ara  Uaad  oa  a 
narrow  paKll-baaa  oattBoa  wltk  low  aide  lobaa 
(raf.  7>  louklat  alo*«  a  liorlroa  path  lata  ch* 
waathar  aodila  proolouaty  ■ootlooad. 

tha  •av*t*»a“  oaUctlc  note*  curva  la  a  COA- 
vanlaot  coa^toolaa  fuoctloo  cooetructod  Ca  appcaa- 
loata  obaarvad  valooa  (raf.  A). 

S0l4f  lUdt^tloO 

Th«  •itoogtil  Mturdl  r4dlo  •OTirco  tHot  esu 
siftet  ©o»woic4tloo*  It  tHt  •*«.  ftgwrt  2 

Ufc4  MUr  oolft  teJ  •ottont  nolto 
tMptrtturo  lot  t  ^Itt  tMO  undtt  atklM  mMfot 
coodUtooa  (ral.  ») ,  For  *at*lllt*-to-»roaad 
llnka  It  la  atauood  that  the  aua  la  located  10  —- 
area*  oil  the  aala  baao  of  a  60-loot  pitabolald. 
ror  lotar-aatellU*  lluka,  the  rua  la  ateuaad  ^ 
radlata  Uto  •»  dV  aid*  lobaa;  thla  eat*  la  Ilia* 
atratad  Ay  the  curr*  for  a  lO-loot  apartura  la  tA* 

•  /•€br0«MUi  Mttllllo* 

foTocUy 

\hi4«r  aoTwl  um4Ui9m9^  thm  TtfUy  nftlm 
t*  Mill  In  thi  9-tettd  T*%lon  4a4  abor*  (r«f«  U>>* 
To  /T0l*cl  tht  4/«t«  th«  ltk«lth«o4  of 

farad#/  tadlag  ditrlAg  abevorm*!  eowdltloot  tk* 

lOO  to  XOpOOO  nct9  afOvtr\»,  thla  aaalfala  adofta 
ciTcularl/  poUrUad  racaivlog  chaiwala  to  datact 
llnearl/  polarlaad  iraaiolaalooa.  Tha  aaauaad 
loa»  la  3  db  ovar  all  llaka* 

fajload  Doalta 

le  addltlos  to  propagattoo  and  notffo  factora* 
tha  d«algo  of  tha  ^/load  adacta  •Igolf Icantl/ 
tha  p«rfo»Dca  of  aatalllta  ralafa.  $c«a  ol  tho 
important  ahairactarlatlca  ara  attltuda  and  ofblt 
cootrol^  coollguratloo  aad  tl«a,  aod  pa/load 
ght  vhlch  uUivtal/  dapenda  on  hooatar  capabll* 
It/a  Tha  dagrta  ol  attltuda  control  datantlnan 
tha  ololMM  bajwldth  el  aatallltn  aatanMa.  Tbn 
cooliguratloo  aod  alta  aflact  tha  abapa  aod  avail* 
abla  aroa  ol  fluib-vouotcd  aod  aall-aractlng  an* 
ttnnaa.  Tba  pa/load  wight  llotta  tha  aoouot  ol 
aquipocat  and  dtt«toU«a  tha  powr  availabla  lac 
tranaolttora* 

Tba  aaawcd  ^yload  atodil  la  a  cfllodar  ^Aoon 
topclda  accoModataa  lolar  c*lU  that  unfold  t^ 


M*  Th9  Wm  bow««i  •  wi4i  \9m  — t— ■ 
u  that  It  «r%ct«4  or  mwtw  f4  la  es4lt«  7W 
v«l«t  olloiit  yadngtif  £o*»r  atMO- 

lO-toot  Itt  to  clcctxo&lc 

cpoiiel  atchtalM.  Vor 
fam  1000  tm  10^000  potAdt.  chart ctariatte 
dlotntloa*  of  the  cplUdcr  act  10  Co  20«loAt 
Icoftha  hf  i  tm  10*£Mi  dtaoattra* 

TVa  aCClCo4«  sUVlllaatloo  aboot  tha  thro* 
iEM  la  htW  ca  <«’l  4c(raa« 


VlchU  tha  fraa 
cha  perfotmaoca  of  c 
ttow  ha  aatablitWA. 

Vehicle  Aattaoat 


Partoroeoca 

ark  of  tha  papload  oodal  • 
■nalcactoa  ennlpaieftC  will 


At  the  iTochroooua  altituda,  a  ♦!  dagraa 
attitoda  aublllaatloa  fo^irea  that  tha  baao- 
width  of  the  aatcooa  for  horiioo-to-horlcoo  covor* 
be  bnMdcaed  froo  tha  17.4  desrcea  ahowo  io 
ri|ura  4  to  IV. 4  dcfrrei*  iQ  order  to  Halt  tha 
f«ia  dc^reAatloa  to  3  dh  atoni  the  horlaoa.  Tha 
correapoadini  powat  t,ela  dcpcndi  on  the  aetea«M 
uted.  Oae  uieiut  fora  la  a  circular  array  traoo* 
verae  ca  the  aaia  of  tba  cylloder  at  Ita  beta*  la 
the  ayatm  aoaljaia  to  follow,  a  gala  *>1  IV  dh  la 
edoptod* 

The  lO'foet  ateerabla  aatmAaa  gaed  ower 
•atal llt««to-fro%M4  eod  latcriatelHta  Uaka  aro 
|iln<-lialted  by  the  acc^cacy  with  which  they  <aa 
he  poaltioocd.  If  the  atebUlacd  aaia  of  tha 
cylinder  li  uiH  aa  reference,  tba  el  defree  wo* 
certainty  Uaita  the  coirvapondlnA  tajalnm  opera* 
ting  frevumey  to  >400  oc/a«  If  the  refercoca  U 
eatablithfd  by  a  dUection-flndlog  brao  of  1  do* 
grec  that  locha  oote  a  algiul  froai  a  grogcMl  coo* 
irol  atjtloa,  am  angular  rciolutloa  of  el  ailll* 
radiao  aay  be  rcalUed.  The  corrcapoodioi  aoiU* 
c^J■  frc^cncy  of  '^peiatloo  la  60,000  oc/a« 

CtouDd  Antenaia 

The  follovlof  4ii.Aptlooa  are  made  ccnceralag 
the  aiae  aod  gals  c(  aatcnnai  at  earth  tcnaloale^ 
(a)  over  aatellite*io-grouod  arcj'ape<lfied  aod 
oixed-aatmaa  llnkj,  directional  groood  aotcooaa 
are  bO-foot  paraboloids;  (b)  over  the  bca^ 
specified  llnka,  aeironaa  hare  3  db  gato  io  Che 
dlreciloo  of  the  aatclllto* 

The  ■Inlanaa  rrallxablo  bca»«/id(b  adopted  la 
1  oillirsdUe  om  the  baaia  that  a  beao  polatUig 
accuracy  of  H/2  ollliradlati  rcpccamti  a  curreot 
Unit  to  (.rrctlcal  aermuiechsnlcal  aystoa  perfor* 
aance  and  reaaooable  antenna  oanulacturieg  aod 
envlrcTnoental  tolerso<.ea,  typical  parabcloldi 

or  1  lorar  arraya,  thla  represrnta  about  69  dh 
gain.  The  cort capnndieg  atfaleuBi  frequeaejr  lor  m 
60- foot  apretore  la  20,000  oc/a« 


gaeeratM  am  «acMa  oolaa  of  60*K« 


Tba  cecatvera  era  100  K  preaopltf lere  with  • 
•fate  of  2t*db  aed  ceT«lnated  by  eonvcBtlooal 
1000  K  eopoffktterodyne  1-f  eBpllfiera.  Takleg 
gate  acooeat  the  r*f  losg,  the  c^lvaleet  racelwar 
oelee  fspavetere  is  136"Ka 

fooar  Caoeeetlao  eed  Tranaolaaiee 

frlsety  power  required  to  activate  covaaaiee* 
Cioe  octwotha,  accltuda  control  aod  statloe-heap* 
ieg  oecheoleea,  aed  aetaiAi  hee«  cooctel  ettworbe 
ie  gaeereted  by  planar  aclar^call  arrays  cootioo* 
•oaty  directed  totaird  the  aue*  The  apaciflc 
eselght  of  this  coef igurailoo  Is  0.15  powod  of 
power  supply  weight  par  watt  of  d-c  prLoary  power^ 
e  valaa  beaad  oo  axparlcnca  with  solar  power  at 

nou 

Ccecrally,  tha  overall  efficiency,  weight, 
aed  velwee  of  traeseUttrs  decrease  with  lecreae* 
leg  fte^eocy.  exceptions  tc  thla  exist  eed  de¬ 
pend  oe  power  levele,  the  type  of  ocdulatloe,  and 
the  type  of  power  eopUfler  (ref.  11}  »  For  eaais- 
ple,  1/  ^iamtl  bandwidth  Is  tha  pre<>o«ilnant  fact* 
or,  higher  frceveocy  equipeent  (lOOO  to  10.000 
«c/s)  le  wnifsoted.  l(  llfeelee  and  atablllty  ere 
crverrldtng  lactore,  lower  frequency  treoablttcts 
<100  to  1000  ec/e)  ere  preferred. 

Opt lema  KreQuenclei 


Applying  the  propagation,  nolat,  end  equip* 
•ent  paraeelers,  optlnun  frequencies  have  heca 
derived  for  ■etelUte-te-ground  links  that  consist 
ef  eatensaee  that  ere  either  aree*epeelfied,  bca«* 
•perilled,  or  both,  end  for  links  between  synchro* 
•ows  setelHtes.  AS  shown  on  Figure  4.  the  syn* 
chrosowe  eatellltes  ere  in  circular  orbit  at  an 
aUitwde  of  IV, 360  nautical  vllci.  5eCelllte-te- 
grtMod  llnke  ere  assumed  to  cxlat  along  horlaon 
paths.  Tbe  range  is  22>>50  nautical  •ilea* 

The  nptlMe  frequency  band  la  daflned  arblt* 
rarity  by  wpper  end  lower  frequmclee  at  which  the 
bandwidth  ie  degraded  Iron  Ite  nexlnun  by  a  factor 
•<  2. 

Atea-Spooifled 


5etelllce-to-grouod  llnke  with  arca-apeclflvd 
antennas  at  earth  and  ssielUte  temlnele  ere 
typified  by  the  bendvldth-va-frequmcy  corves 
abcnei  in  Figure  5.  Under  nornal  condition!,  the 
optLnun  frequency  range  lice  above  10,000  aic/a  but 
below  the  f'.rat  wm  t er^absorp t  iun  peak  at  22,200 
«c/a.  Under  abnormal  conditions,  the  optinua  frd- 
quracics  lie  between  2400  and  A200  nc/s.  It  Is 
eppasent  that  the  gain  of  erea-epeclf led  aatmnes 
•verrldee  eciaoapherlc  losses  until  water  ebaorp* 
tlon  bar ones  aevers. 


bcen-SpecIHed 


Antrnnj  systrn  loetca  ^re  esa*jnM  frequency 
1  ndeprtidiint  uad  ure  per^liateoon  duplexed  cUannele 
and  alvjft  t fuaMi ss Ium  I  Inca.  A  1-db  loss  typl* 
flea  (lie  c-f  lose  it  r^ch  tcmlnel  over  ell  llnke 


Llnke  with  beawwldch  (or  gain)  -  epee  I (led 
antennae  at  both  earth  and  satellite  temirtala  tx- 
perlmce  relative  bandwidth  variations  shown  in 
Figure  6.  Under  normal  conditions,  the  optlnun 


•  •’*  A  '•  *- 


fTa^«BclM  11«  la  •  iaai  ftoa  MMMkat  Mas 
lOO  mcjt  op  ta  300  ac/a.  Oorlac  abaeml  saachat 
aad  caoa*i»tlc  tctlvitj,  tka  aptlaaa  taaO  la  310 
to  1100  B^a.  la  thU  caaa,  tka  Oaaraaaa  la 
apeca  loaa  oTateoaaa  tka  larrcata  at  aalaa  aa4 
ataaopkatlc  akaotptUa  laaUl  aaaato  {aOtag  appaata. 

IUaa4-lattaaa 

llaka  wltk  a  laaMaliNk  aptLmaO  saMllta 
aataaata  aB4  aa  aicaa-apacttla4  aactk  aat^aa  aia 

charactulaad  bp  a  coaataac  aataeaa  pa*k'»paea 
lota  product,  ao  that  tka  aptliaa  tra^aaacp  taapa 
It  datttaUeO  bp  prapaattloa  aad  aolaa  taadltlaat. 
Tba  Ttaultt  tea’  dtcplapad  la  Pleura  3.  ladaa 
Bonal  coadltlaot,  tka  aptlaaa  (raquaBclat  taa«a 
troB  Itti  ac/t  to  toaaakac  oaat  10.000  aa/a.  Uadar 
abaonul  condltlooa,  tka  aptlaua  fra^oaclaa  art 
batvaaa  600  aad  3000  ac/a. 

latrtttttlllta  Mala 

Unka  bttuaca  tpaektoaoat  aatallltaa  oaaalat 
of  arat-apcclfltd  apactaraa.  a  typical  ktadwldth 
curaa  Ir  tbo%a  la  ritura  0,  ^cra  ao  apparaat 
uppac  bound  aaltti  bccauaa  ao  totoapbera  aaltta. 
Practical  llaltatlooa  ara  aattaoa  polatlag  occur* 
«cp  aad  r*{  powr  taBaxatloa. 

Irataa  laaluatloa 

la  ardor  to  ealculata  avatlablo  ttaaaBlctar 
powar  (ar  a  raaea  ol  paploadt.  appottl  ■ra)iii t  of 
relatUa  poaar  aaoBf  eoakjalcatloa  oataorka  aad 
control  ayataaa  baa  boon  nada,  and  vtlpkt  aad 
penMT  eoafflelaota  kava  bean  aalactad.  Tkaaa 
tactura  ara  a  coabLaattoa  of  knoua  aad  aatlaatad 
aaluet,  ood  or*  tabuUtad  oa  Plfura  4.  Proa  tba 
rolatloa  tboun  oa  tba  fltuta,  tba  alopc  of  avail* 
abla  tttaoalttar  powor  to  payload  la  O.lOd  watt 
par  pouad. 

lo  ordar  to  optnta  oaatloooualy  aad  roll* 
ablp  o.*T  0  caa*raar  parlvd,  roltabllltp  tcchnl* 
euoo  (tucb  00  auodbp  oporaa  ultb  tbalr  oaaoclttad 
ovltcbUt  clrcuUt)  atat  bo  Uooeporatad.  Tbit 
docraaita  tho  paylood  valsbt  (aad  voIobo)  ..t.'* 
able  for  traaaBltttra.  Aaaaalos  aa  avarapa  roduu 
dancy  factor  of  throa,  tba  uaaful  payload  la  ra* 
^•oad  by  3  tad  tba  avalUbla  iraaOBlicor  povar  la 
0.03d  aatt  par  pouad  of  ootalUto  poylood. 

kolaoead  Doala^ 

To  ovoluott  ibi  boadvtdtb  copobllltlto  of  tbo 
apacbioaout  rolay  ootolllta,  vo  propooo  o  rolay 
tkot  can  aupport  tba  ton  typaa  of  llnko  tlaultoo* 
acyutly.  Aa  optlaaaa  raloy  not  only  abonld  ttaotolt 
a  BaalBjB  baodvldtb  but  abould  balaaca  tka  capa* 
city  of  tttolltta-to*CTOund  aad  lattrooiolltta 
llaVa,  aioco  cha  lattoi  pottatlally  corrp  aaaaa|at 
froB  ont  part  of  tha  globo  to  any  otkar.  Hora* 
ovar,  «a  autt  datanfeo  tba  load  oa  tka  Kaan* 
tpoclflad  and  ataad*«atea>a  llnba.  If  |k«aa  cob* 
parallvaly  lowar  capacltp  llaka  ara  to  oappott 
wlda*baad  data  traoaalaatoa.  a  alnlauB  porcantapa 
of  tba  avatlabla  aatolllta  tranaBlttar  p<n*ar  auat 
b«  aitlpned  to  thofilln'-a.  or  olallarly.  o  BlalituB 
payload  Buat  bt  orbttod.  For  tbo  p.-oaoil  aaalytlo. 
•..aal  pnwar  hat  baen  apportlonod  to  ooch  llak,  lo 
tka  rodtl  o  pair  of  duploaod  ckonoolo  lo  oaalpoad 


to  ooch  Itak  to  illOB  tlBultaaooaa  tratialoalao 
aad  raeoptlea.  Tbordford.  ono-tlxth  of  tka  total 
pouot  kaa  boao  aaalppad  to  tka  btaa  apaclffad 
link,  tka  aljiad*aatanaa  link,  aaek  of  Iko  too 
araa*opoelttad  llaka.  aad  aaek  of  t«o  lototooto* 
lltta  tlnka.  Tko  opoclllc  pouor  ta  ooch  rkaiol 
U  t  ■tlllBatto  par  potad  of  ootolllto  payload. 

Uak  loaluatlOBa 

Oa  tkla  kaola,  tba  baodwldtk-poylaad  earvoa 
of  Plpura  10  ka*a  bocB  calcuUtod  (oa  oroo-opoct- 
ftod  aatalltea*’to*prouBd  llaka  at  tra^a^claa 
optlaoB  for  tbo  tuD  piopopalloB  Bodolo  aaoMOd. 
Kaptooaatattao  roaulta  are  aa  follma:  a  WOO* 
pouad  payload  ralaya  at  a  low  bit  omr  (9a>40db) 
a  bondirldtk  of  26  Bc/a  uadar  oeiBal  ooBdltloBa  at 
10.000  ac/a;  aad  l.t  Bcyt  toular  ahaoioal  coBdl* 
tloaa  at  SOOO  Bc/a.  tpulvalaBt  parfatfara  tor 
lotoraatalltta  llaka  with  10-foot  oBt^Boa  oceura 
rtapcctlvaly  at  37,000  Bc/a  tad  10.000  Bc/a. 

Plpura  11  ibova  tba  capacity  ol  kaa»*apocl> 
flod  and  atacd-ootonna  llnko.  Dodor  oaiBal  coodl* 
ttono.  o  S0C0*p«ucd  payload  ralaya  12  kc/a  at  a 
Sin  of  20  db  to  Don'dlract lonal  atatloaa  at  lOO 
Bc/a;  and  d.d  ac/t  to  SO* foot  dtrocttOBal  tatala* 
ala  at  300  ac/a,  Uadar  abnotBal  ooadltlaaa.  tko 
baoB-apcclfltd  Ilok  traaMlta  (20  c/a  at  600  ae/ai 
tba  alaad-aatana  link  itaaialta  4.3  Bc/a  at  aa 
optlBuB  fraquaacy  of  2000  ac/a. 

Dlacutaloo  of  Paaulte 

tba  boodvldtha  calculatad  art  boaad  aa  tbo 
particular  ayttaa  aodflt  davalopod.  Oadar  dlfftr* 
out  condltlooa,  dlffatant  vrluca  will  raoult. 

4t  olovatloo  aaplti  ethar  than  tba  a«r«  4a- 
prett  adopted  la  tha  aaalytlr,  atBoapbarlc  loaa 
aad  nelta  taaparatura  drop  auba taut lolly,  and 
ground  thoraol  nolto  dactooato.  tbo  raapt  of  optl- 
acB  tra^ODcloa  broodaaa  with  lacrooalap  olavatloB 
aopla  aad  abtlto  pcoduolly  to  laclndo  klpbor  fro- 
dUlBCtOO. 

Sky-toaporatura  dtatrlbutlono.  ckoaetap  lovalo 
of  loooapbarlc  fading,  varying  weotbor.  and  loca- 
tlo-t  of  aba  oua  product  tbllti  la  optboic  fro* 
(guaelco.  For  a  ayttao  to  oparoto  Max  oil  eendt- 
ttoaa  axpoctad.  It  auat  bo  daatgaod  alckax  to  Boot 
tho  uorot  condltlona  or  to  kactloa  ndar  roducad 
copcblltty  or  rolloblltty  during  tko  odeoxaa  pot- 
lodt. 

^  Tbo  author  hot  praauppoaod  that  by  1H6  o 
lOO  g  racolvar  tac'paraturo  can  bo  raollaod  lada- 
pin'* ait  of  fraquancy  U  tba  lOO  to  10,000  Bc/a 
bcBv.  b  idtr  ptatant  tachnology.  racolvax  aolaa 
flguraa  alaa  with  fitqueticy.  In  addition  to  aolaa 
flpurac.  BodulatlOB  and  baadwldth  pxndoct  ara  fra- 
guancy  taalghtlog  factoct, 

Ovarridlng  crltarla  la  dacldli^  opBratlag 
fraquancita  today  are  raolliabla  peoer  lawala  aad 
IraubBlttar  llfatlaa  ai  a  function  of  pnwar  laval 
and  duty  cycle.  It  la  upactad  that,  ataca  tharo 
ara  ao  Inherent  triqumc/  llaltatloaa  to  power 
traaaalaalOD,  tranenlttlag  davlcao  avtatually  will 
bo  ovolUblo  an}naitrt  lo  tho  radio  op^tTiB  to 
gauaroto  at  laatt  aodertto  powcio  fraa  ootollltoo 
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12).  !■  **7  opttadB  —lafct  mmk 

tmaalttat  poMT-aatvaM  t«U  nUClaaaUfs  ^ 
lit.  rutcbaz  itudy  will  b*tt«r  4«{1m  «:h»w» 
SKMtlclM,  ubleb  ara  aflaccad  graatlf  bf  ayart- 
ftc  arr)lc*ttaM. 

Tha  afyortUiiaiMt  af  pajlead  waliM  aaaa( 
tka  eoapeeaata  of  a  e— unleatUia  a^ata  la  a 
cniclal  itot  la  tha  afflclaat  daalsa  af  tha  tja- 
t«a.  Tha  walcbt  aad  tKmar  allettad  ca  a  aaiwa 
to  dlract  tha  aalar  anay  tawarf  tha  aaa 
yltlda  a  alfalflcaat  laeraaaa  la  sanaiabar  yaaar 
which  can  ha  mad  ta  laciaaaa  aaallahla  tnaa* 
■Ittar  powar  aad  ta  aupply  powar  ca  ataadhp  a^l^ 

Tha  dagcaa  of  attltuda>oeatral  affacta  tha 
baaavldth  of  aacosaaa  daaltoad  ta  lllwlaata  caa- 
ttououaly  althar  tha  uhola  aatth  vlalbla  Ca  tha 
aatalllta  at  poitlona  of  tha  earth' a  avrfaca. 
liooaa  cootiol  TC<|ulraa  broadar  baaaa  aad  chua  da> 
waada  hlthar  traoaalttar  power  or  oarrawaa  baad- 
wldtha  for  tha  aaaa  altnal*co-aolac  ratloa  ta  pra- 
pottloB  to  tha  aquara  af  tha  baaawldrh  catta. 


•a.  m  20(«1S)-2MT.  Caapbga.  tmt.  af  tha  VaU. 
•f  Alaaha.  p.  Si  baa.  19SV. 

S.  a.  t.  head  aad  C.  ■.  Baaadl, 

Tgeaaaaca  rraaaaatUat.  Bllaf.  B.T.  pp.  SI-»7{IM5. 

d.  a.  C.  aaaaaa,  "Laa  Badaa  dataoBat'',  Tha 

•UccoMaa  Jaanal.  «al.  i,  aa.  d,  pp.  lf-24,  Jaaa 
UM. 

7.  B.  B.  Blclta,  B.  Barlapaa.  B.  L.  Cyhl,  aad 
d.  B.  Paaa.  Phyalcal  Bavlaa,  aal.  7B,  p.  340 
<l*4*). 

d.  0.  c.  nan  ■>  m  idiif,  '^ha 

tlfactWa  Holaa  Taaparatiaaa  af  tha  id^i  BdlOlB 
■at'l.  Coaf.  Prac.,  p.  314}  Nap  IMB. 

3.  C.  1.  hllaa.  datraphgalcat  Qaaatttlaa. 

The  Athloaa  Ptaaa,  p.  133  (1333). 

10.  P.  A.  Crruatar  aad  B.  P.  Bldall.  'Cal* 
calatlaaa  of  Crauad-Spaca  PiapapaH**  Iffaett”, 
lackhead  Bepoit  IMB-iai;  Itop  21.  13SB. 


Thla  latetdapeadcnce  of  baadwldth,  alcaal* 
ta-oolaa,  aad  traoaalttar  power  ralatai  altlaacalp 
ro  tha  uaaful  payload  lo  orbit.  A  baawlar  payload 
ellovt  lo  prlolclpta  ooa  at  aara  of  tba  follawlad: 
(a)  gtaatir  tra(flc-Keadlln(  capacity  tblaagh 
hlgbir  av-llabla  pomr  or  aara  chanaala:  <h)  a 
iraatar  Iival  of  ralUblllty  throu|b  raduadaat 
elrculta  aad  awitchlag  aatrlcaa  aad  tbroaph  baiw- 
Itr  protactloo  agtloat  tha  analrooaaat;  (c)  a 
loogar  UfacLae  aod  utafulocaa  through  rallabll* 
tty  tachalqucii  aod  (d)  the  feaalhlllty  of  (a- 
eorporailog  aatl*)aa  tachal<|uaa  la  tba  aatalllta. 
Of  couraa,  baavlac  payloada  aaaa  aaara  pawnful 
nckata. 

Cooelualoa 

Thla  paper  haa  praacacad  tha  raaalta  of  a 
ayaiautlc  aoalyala  aod  lyuthaala  of  aajoc  factara 
geiaaoa  to  tha  opclaua  dealgo  of  aa  active  ayo> 
ebroooua  aatelltta  ayataa.  By  cooetdarlap  prapa* 
gattoo  aod  Dolia,  payload  daalga,  aod  apulpaaat 
parforaabca,  optlaua  fraquanclaa  have  beta  darlved 
aad  uaad  aa  a  haata  to  evaluata  the  trafflC'hao- 
dllDg  capacity  of  aatalllca-to-grouad  aad  later* 
aatalllta  lloka. 
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SATBLUTB  I0NC60UNDSR 

By:  Samuel  Horowitc,  Air  Force  Cambridfe  Research  Center 
aod  Leonard  Humphrey,  Geaeral  Kleclrlc  Company 


1.  INTROOUCnON 

Knowledge  oi  Ibe  dectron  density  profile  a* 
bore  the  F-layer  maximum  is  of  extreme  iDter* 
est  both  for  Its  application  to  space  communlea* 
tion  problems,  a^  lor  the  extension  of  our 
fundamental  knowledge  of  the  origin  and  struc¬ 
ture  of  the  earth's  ionospheric  envelope.  Clues 
to  the  origin  of  such  phenomena  as  spread-F, 
sporadic  E,  Ihe  Van  Allen  belt  or  aurora  may 
well  be  hidden  In  the  epper  Ionosphere.  Also,  Is 
this  age  of  space  communication  and  navigation, 
a  knowledge  of  ionospheric  electron  density  at 
all  altitudes  Is  esseiaial  for  the  determination 
of  refraction  and  multipath  ellects,  polarization 
rotation,  severity  of  vehicle  induced  plasma 
sheaths,  antenna  perturbations,  and  other  simi¬ 
lar  considerations. 

The  determination  of  this  high  altitude  elec¬ 
tron  density  from  the  ground  Is  possible  using 
electron  faackscatter  techniques  as  suggested  by 
Cordon  of  Cornell  DiHversUy.  The  required 
power  is  high  and  antenna  sizes  are  large  so 
that  such  devices  wit!  be  limited  to  a  few  geo¬ 
graphic  locations.  The  use  of  conventional 
ionospheric  sounding  techniques  from  a  high  al¬ 
titude  polar  orbit  satellite  will  permit  obtaining 
knowledge  of  the  upper  Ionosphere  over  the  eo- 
tire  earth.  There  are  many  degrees  of  sophis¬ 
tication  that  such  a  sounder  may  possess,  the 
design  of  each  further  sophisticated  type  sounder 
being  Influenced  by  the  results  obtained  by  ear¬ 
lier  types.  Early  type  sounder  would  be  rockets 
or  satellites  conttnoously  telemetering  data  to 
give  a  complete  piclcre  of  the  Ionospheric  pro¬ 
file  in  the  vicinity  czf  the  telemetry  receiver  as 
Is  presently  being  accomplished  by  the  Propaga¬ 
tion  Laboraterry  at  AFCRC.  The  next  order  of 
sophistication  would  be  a  continuously  recording 
sounder  which  would  telemeter  the  results  ob¬ 
tained  during  Its  entire  orbit,  thereby  extending 
©•ir  knowledge  gecsTapblcally.  The  (Inal  order 
of  sopiiiLtlcatlon  wooid  be  specialized  types  (or 
ICBM  and  nuclear  detocatlon  detection  or  re¬ 
cording  desired  parameters  such  as  niut. 

The  salelllle  lonosocnder  discussed  here  Is  ot 
the  second  order  sophistication.  The  Information 
recorded  will  be  "A"  si:an  type  so  that  the  mag¬ 
nitude  of  the  returns  as  well  as  the  time  delay 
will  be  determined.  The  Information  will  be  re¬ 
corded  over  the  entire  polar  orbit  so  that  even¬ 
tually  a  complete  lalilude-llme  dependent  elec¬ 
tron  density  profile  will  be  obtained. 


3.  BASIC  DESIGN  PHILOSOPHY  AND  PRB- 

UlfD4ARY  CONSIDBRATI(»« 

The  prime  mlsslou  of  the  sounder  Is  to  pther 
Information  about  the  electron  density  distrllm- 
tion  of  the  upper  Ionosphere.  The  design  of  the 
sounder  must  be  such  that  sufficient  data  to  ac¬ 
complish  this  mission  can  be  reliably  collected 
and  returned  to  ground.  For  reliability  of  the 
sounder  equipment  Itself,  simplicity  of  design 
with  a  minimum  of  vulnerable  components;  (or 
reliability  of  the  vehicle  and  booster  a  minimum 
weight  payload  with  minimum  stablUzatloo  and 
orbit  requirements  is  planned. 

3.1  Preliminary  Orbit  Considerations 

To  acquire  Information  over  the  most  wide¬ 
spread  geographic  area,  a  polar  orbit  Is  essen¬ 
tial,  since  It  alone  permits  sounding  over  the 
entire  lalilude  range.  A  polar  orbit  also  facili¬ 
tates  interrogation  on  every  pass  by  high  latitude 
ground  stations. 

In  Ihe  Interest  of  simplicity  and  reliability  ot 
launch,  a  near  circular  orbit  should  be  attempted 
but  not  required.  The  prime  altitude  require¬ 
ment  should  be  a  perigee  sufficiently  hl^  for  a 
long  satellite  lifetime.  Other  (actors  bearing  cm 
the  height  of  the  orbit  will  be  discussed  later. 

3.2  Stabilization  Considerations 

A  dipole  sounder  antenna  Is  anticipated  both 
for  simplicity  and  in  order  to  excite  both  modes 
of  propagation.  Maximum  signal  return  occurs 
when  this  dipole  Is  oriented  parallel  with  the  re¬ 
flecting  plane.  A  stabilized  platform  with  horizon 
sensors  could  be  used  to  keep  the  antenna  prop¬ 
erly  oriented,  but  the  weight  and  power  require¬ 
ments  of  such  a  system  are  prohibitive. 

Spin  slablUzalion  It  much  more  economical  la 
weight  and  power,  and  with  proper  design  can  be 
almost  as  eftectlve  as  the  sensor  stabilized  sys¬ 
tem.  If  the  antenna  rotates  about  an  axis  perpen¬ 
dicular  to  the  antenna  itself,  it  may  be  seen  thai 
at  least  twice  In  every  roUtlon  it  Is  parallel  to 
any  arbitrarily  oriented  plane  which  would  rep¬ 
resent  the  earth's  ionosphere.  The  vehicle  will 
rotate  stably  about  the  axis  of  maximum  moment 
of  inertia,  and  If  the  antenna  Is  mounted  perpen¬ 
dicular,  the  desired  siabiUzatlon  will  be  achieved. 

Summarizing,  the  (oUoiwing  discussion  will 
have  as  a  starling  point  a  spin  stabilized  vehicle 


•  • 


•  • 


•  • 
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In  n  near  ctrcuUr  poUr  orbit  More  compro- 
henslve  conalderations  nr«  required  to  determine 
more  detailed  •peciticntioae. 

S,  ORBIT  PARAMBT8RB 

It  hnn  been  determined  above  that  the  eatelUti 
orbit  should  be  polar  and  near  circular  lor  reaeoos 
of  simplicity  and  maalaum  data  collection  rape- 
blUty.  The  remaining  orbit  parameters  to  be 
determined  Is  the  orbit  radius  or  satellite  height 
n.i.-urea  1  through  5  shoo  graphically  the  effect 
of  satellite  height  on  system  requirements. 

Figure  1  shows  the  minimum  visibility  time 
during  which  the  information  may  be  telemetered  to 
ground  stations  at  various  laUtudes.  At  Anchorage, 
for  example,  which  la  at  about  60*  latitude,  the  mini¬ 
mum  Interrogation  tim?  (transverse  orbit)  is  about 
1/2  hour  for  a  3500  Kffihigh  satellite.  Figure  3  shows 
the  fraction  of  the  time  the  satellite  Is  above  thehorl- 
ton.  This  fraction  is  amount  of  time  compression 
needed  on  play  back  and  is  equal  to  the  reciprocal  of 
the  bandwitJih  Increase  factor.  With  the  previoua 
example  this  compression  Is  about  0.2  so  that  the 
bandw  >dth  recordv.d  Is  Increased  by  a  factor  of  five 
whe,i  it  Is  rta  Ibnckr-  d’ekmetered.  Thelastcon- 
sideratior  .•>  orbit  hci(^t  effects  on  the  recorder  is 
the  required  storage  ticoe.  Figure  3  shows  the 
storage  time  required  asafunctlon  of  height.  Fors 
3500  Km  circular  orbit  and  a  00’  latitude  Interro^- 
Uon  station  about  1 40  minutes  of  storage  Is  required. 

The  telemetry  pemer  requirements  depend  on 
the  maximum  slant  ranj;  lo  the  satellite  during 
the  interrogation  period.  Figure  4  shows  this 


nap  ns  •  function  of  satellite  altitude. 

The  Munder  pulse  power  requirement  Is  also 
a  bmetlon  of  satellite  height  Figure  5,  which  is 
Asessecd  later  In  more  detail,  shows  the  pulM 
peoer  required  for  satisfactory  soundliig. 
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Fig.  2  -  Ifaaimuia  Time  Less  Than  S*  Above  RorUon 
vs  Satellite  Height 
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Fig.  4  •  Maximum  Slant  Range 
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Fig.  5  -  Power  Reqylrennent  for  S/N  •  10; 
10  kc  Battdwidth 


ft4MB  these  curves,  it  is  seen  that  higher 
heights  are  desirable  Irom  a  storage  and  playback 
▼ievpoiat.  but  that  lower  heights  are  desirable 
(msi  the  viewpoint  o(  the  sounder  itself.  For  hlgk 
altitsdes,  telemetry  power  requirements  are  high¬ 
er,  hat  haadwidth  requirements  are  leas.  The 
problem  of  deciding  oa  the  beet  height  reducee  to 
•eieetiag  that  height  tor  which  reliable,  UghtweigM 
coaipoaeaU  (etorage,  telemetry  or  eounder)  exist. 

til  addition  to  the  considerations  given  In  these 
oases,  conslderallona  such  as  orbit  lifetime,  as- 
team  detuning,  or  effect  of  radiation  belts  should 
be  taken  into  account 

4.  PitOPACATTON  COhSIDEKATIONS 

4.1  Assumed  Electron  Density  Profile 

There  la  data  available  Irom  rocket  Ion  probes, 
Faraday  rotation  Irom  satellites,  whistler  meas¬ 
urements,  and  electron  backacatter  experiments 
from  which  some  idea  of  the  distribution  of  electron 
density  above  the  F3  maximum  can  be  dedu.:ed. 
Figure  6  shows  an  electron  density  curve  based 
on  these  data.  It  must  be  realized  that  this  distri¬ 
bution  ran  vary  markedly  In  shape  and  magnitude 
with  time  and  geographical  position.  This  distri¬ 
bution  ran  be  used,  however,  to  get  an  Idea  of  the 
h*  -  f  records  that  wUlbe  obtained  with  the  sounder. 

4.2  Expected  h'  -  I  Profile 

la  the  absence  of  magnetic  fields,  the  phase 
velocity  of  a  radio  wave  U  given  by 
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Pig.  6  -  Electron  Density  Profile 
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naxaetlc  field  present,  the  group  velocity 
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•  C  V  1  . 


(» 


The  wave  Is  reflected  when  N  Is  Urge  enough  that 
In  •  t.  Since  N  U  a  function  of  h,  the  reflection 
height  Isa  function  of  f,  the  operating  frequency. 

If  we  designate  this  height  h|^,  the  round  trip 
puUc  delay  la  given  by 


The  equlvaWnl  height  Is  defined  as  the  height  at 
which  a  pulse  travelling  at  the  speed  of  light 
would  be  reflected  and  In  the  case  of  ground 
sounder  (hg  >  0)  would  be  h'  &T/2C.  ft  is  con¬ 
venient  to  use  the  same  form  lor  the  sounder, 
with  the  understanding  that  equivalent  height,  h* 
is  actually  the  equivalent  depth  ol  reflection  below 
the  sounder,  Ls.  : 


AI 

•  2C 
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aiN 
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dh 


(4) 


A  plot  of  h'  as  a  function  of  f  is  the  data  that  will 
be  obtained  by  the  sounder. 


In  the  presence  of  the  earth's  magnetic  field 
the  transmitted  wave  is  generally  split  into  two 
nodes,  called  the  ordinary  and  extraordinary 
nodes.  Except  In  the  region  of  the  geomagnetic 
equator,  these  nodes  are  nearly  circularly  po¬ 
larized  so  U.al  each  mode  will  be  excited  iy  a 
linear  dipole.  To  a  first  approximation  the  b'  -f 
record  of  the  ordinary  mode  Is  the  same  as  that 
of  the  h'  -  I  record  of  the  no  magnetic  Held  case. 
The  approximate  h'  -  (  record  of  the  extraordin¬ 
ary  niode  is  given  by 


where  fjj  •  gyromagncllc  frequency 

The  Ch'  -  0  records  for  hg  *  4000  Km  derived 
from  the  electron  density  curve  ol  Figure  0  and 
the  approxlmsUona  of  equations  (4)  and  (S)  are 
shown  on  Figure  7.  Since  the  gyromagnetlc  fre¬ 
quency  is  a  fanction  ol  the  magnetic  field,  the 
^culationa  become  Uborloua  as  the  satellite 


poaltloa  ctasngea.  TTwrc  are  tsn  sotloeabte  dif¬ 
ferences  from  the  ocosl  b'  -  f  records  obtnlned  ' 
from  ground  sounders  -  the  stroogly  decreasing  ' 
h*  at  low  frequeaefea  and  the  douhli  valne  char-  ’ 
acterlattr  of  b*  at  totcnnedlala  valwea.  Both 
these  effects  arc  attrlbuUble  to  the  eateadsd  rw- 
glon  of  ionlzaUoa  la  the  top  side  as  opposed  bo  ths 
sharply  Inc  reas  log  lonlsitloo  on  ths  bottom  aMs. 


Fig.  7  -  Anticipated  lonogrsn  Satelltte  at  4000  Km 


4.3  Application  to  System  Deslgs 

Although  the  data  and  equaUoas  used  to  drive 
the  curves  of  Figure  7  are  approximate  and  sub¬ 
ject  to  varUUoi^  a  number  of  coocluslons  appli¬ 
cable  to  System  design  can  be  dranrn  from  these 
curves: 

a.  Faraday  Rotation.  Since  Faraday  RoUtlon 
depends  on  Interference  between  ordinary 
and  extraordinary  curves,  there  arlU  be  no 
Faraday  Rotation  when  the  lime  dllferencs 
ol  arrival  between  these  inodes  is  greater 
than  the  pulse  width.  For  nominal  pulas 
width  of  100  mlcrosecondi^  It  nay  be  seen 
that  theie  is  lltUs  problem  In  rotation  of 
the  plane  of  polsrlzatlou 

b.  Loss  due  to  Magneto  lootc  Splitting.  This 
Is  a  corollary  of  the  proper^  first  dis¬ 
cussed  above.  Since  the  no^s  are  propa¬ 
gated  separately,  and  since  the  modes  ars 
circularly  polarized  s  loss  of  3  db  wUl  bs 
experienced  betwees  a  given  mode  and  ths 
antenna  both  on  transmission  and  recepttos. 

e.  Additional  Data  for  True  N  Determination. 
The  additional  data  contained  In  the  addi¬ 
tional  mode  can  be  used  to  more  accurate^ 
determine  the  electron  distrlbatloii  when 
the  complete  h*  -  I  curve  is  not  available. 

It  is  desirable,  then  to  excite  both  modes 
as  is  done  wltn  a  linear  dipole. 
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d.  ^pacing  ot  Sample  Frequencies.  The  evl- 
denceof  large  curvatures  at  both  the  low 
and  high  frequencies  with  line  structure  in 
between  suggest  that  a  sweep  frequency 
sounder  be  used  or  if  a  stepped  frequency 
sounder  is  used  that  the  spacing  between 
frequencies  be  small  and  uniform. 

e.  Repetition  Rate  and  Pulse  Widths.  <tounda 
on  die  repetition  rate  and  pulse  width  are 
determined  by  the  maximum  and  minimum 
return  times  respectively.  The  actual 
values  may  (all  within  these  bounds  as  ds> 
termlned  by  other  considerations. 

L  Antenna  Detuning.  Since  the  phase  veloe* 
Ity  of  radio  waves  Is  dltlcrent  In  an  Ionized 
medium  than  In  free  space,  an  antenr.a  cut 
to  resonate  In  free  space  may  not  resonate 
In  the  Ionosphere.  Figure  6  shows  the 
amount  of  detuning  expected  tor  various 
heights  as  derived  from  the  electronden- 
sity  curve  of  Figure  6.  The  model  Ionos¬ 
phere  la  based  on  composite  data  from 
Bowles  and  Townsend. 

S.  PULSE  POWER  REQUIREMENTS 

The  pulse  power  required  was  shown  In  Fig¬ 
ure  S.  This  power  was  computed  on  the  basis  of 
a  10  to  1  signal  to  cosmic  noise  ratio  being  suffi¬ 
cient  for  satisfactory  analysis  of  the  sounder 
records.  The  expected  cosmic  noise  Is  shown  In 
Figure  9.  At  frequencies  greater  than  lO  me,  ihe 
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Fig.  8  -  Antenna  Detuning 


emperlcal  shape  of  the  cosmic  noiss  tempera¬ 
ture  curve  Is  T  •  2  »<  19*  (  >/10)  *•*.  Below  10 
me,  (he  cosmic  noiss  temperature  Is  difficult  to 
determine  due  to  ionospheric  screening.  Figure 
0  shows  two  schools  of  thought  on  lower  frequen¬ 
cy  noise  -  the  contlmmtlon  of  the  emperlcal  form¬ 
ula,  and  a  cutoff  at  10**  K.  Rocket  noiss  rasesurs- 
ment  experiments  being  conducted  by  AFCRC 
should  shed  light  on  the  low  frequency  behavior. 

The  transmission  loss  of  the  transmlUsd 
pulse  power  Is  given  by: 

*Ts  ♦  *t>  ♦  Sol 


free  space  loss  «  -20  log  X  «  20  log 
r  V  22  db 

wavelength 

total  path  length  •  2  h 

divergence  loss  ■  2o:og,o(5*i) 

satellite  height 

loss  due  to  linear  antenna  coupling  to 
circularly  polarized  mode 
S  db  U>Ul  (3  db  transmit,  3  db  receive). 

lb  find  the  required  pulse  power  for  S/N  •  10 
-  Pj^(dbw)  ♦  Lj  *  10  (7) 

where  P^  •  nsUe  power  from  figure  8. 
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Figura  S  U  >  plU  of  cqnaUoa  7  for  TmriMS 
altitudes.  We  have  assomed  that  there  is  no  ta»- 
oapheiic  absorption  since  colUsioo  treqncKiea 
are  small  above  the  F  byer.  We  have  also  as¬ 
sumed  that  there  Is  no  toes  on  reflection  other 
thaw  the  divergence  due  to  the  conves  surface. 
Local  Irregularities  may  cause  adduioaal  tons, 
but  on  Uk‘  average  this  loss  Is  eapecled  to  be  low. 

Since  the  pulse  power  discussed  above  In¬ 
volved  radiated  power  only,  arScmia  gain  and  cir¬ 
cuit  loss  are  not  Included.  Oo  traniiDlsslon,  the 
circuit  loss  is  expected  to  balance  the  dipole 
gain  so  that  the  transmitter  output  power  of  the 
sounder  should  be  approximately  the  same  as  the 
radiated  power.  t'*nce  the  cosmic  noise  tempera¬ 
ture  Is  so  high,  the  circuit  and  receiver  noise  is 
considered  negligible. 

6.  SYSTEM  SPECIFICATIOKS 

6.1  Pulsewidih 

As  a  s'arting  polot,  a  pulse  width  o(  about  100 
r-'  roseconds  appears  to  be  optimum.  The  lac - 
i  j  -..  contidered  In  arriving  at  this  figure  are  de¬ 
sired  resolution,  power  roquirer"etd8,  receiver 
bandwidth  and  pulse  (Usperslou. 

a.  Resolution.  A  short  pulsewidih  Is  desir¬ 
able  for  good  resolution.  A  100  usee 
pulse  gives  about  10  mile  resolution  that 
la  considered  adequate  for  this  applica¬ 
tion. 

b.  Power  RequlreraenlB.  Long  pulses  ar« 
desirable  for  casing  peak  power  require¬ 
ments,  since  long  pulses  allow  the  ose  of 
smaller  receiver  bandwidih.  Since  it  la 
not  desirable  to  compromise  the  resoU- 
tion  discussed  above,  a  100  microsecond 
pulsewidih  with  10  kc  bandwidth  was  as¬ 
sumed  in  the  computalloa  of  required 
pulse  power. 

c.  Receiver  Bandwidth.  Another  Umtlatlon 
pulse  width  ts  receiver  bandwidth  and  os¬ 
cillator  stability.  To  take  adranlage  of 
the  naj'row  bandwidth  of  long  pulse*,  the 
receiver  banchrlckb  moat  be  small,  and 
oscillators  must  be  stable  enough  that  the 
signal  always  falls  Is  the  receiver  pass- 
band.  Here  again  10  kc  is  a  rrisoiiablc 

it  Is  appropriate  lo  mentico  here 
•hil  cJ(  ppler  shill  Is  nol  expected  Ic  b  ■ ; 
problr-ii  ot  DjciC  Irequencics. 

d.  Pulse  Otsperslon.  If  the  h' -  f  record  has 
steep-sloped  characteristics,  the  wideband 
frequencies  of  a  narrow  pulse  may  be  re¬ 
turned  at  different  times,  thereby  brcjo- 
enlng  and  distorting  the  pulse,  tiy  exam¬ 
ining  Figure  7,  the  dispersion  of  10  kc 
wide  signals  !.-  small  over  most  uf  the 
frequency  range. 


6.2  Orbit  HelgM 

The  philosophy  In  picking  the  ortft  het^ 
was  lo  use  as  high  ar.  orbit  as  possible  to  nan* 
telemetry,  storage,  anteima  tuning,  and  gnldsno* 
requirements.  There  are  currently  avnllribln 
transistors  capable  of  100  watt*  output  Is  the  Uf 
range.  Referring  lo  Figure  5,  It  appear*  IhM  * 
400C  Km  orbit  wlU  be  within  the  requiremeUbi  of 
a  transistorized  Ileal  amplifier. 

6.3  Repetition  Rate 

From  Figure  7,  the  pulse  delay  exp««t*^ 
a  fOQO  Km  high  sounder  Is  about  40  me.  How¬ 
ever.  near  the  critical  frequency  much  longer 
delays  may  be  expected.  To  acquire  data  I* 
thc.se  regions,  a  100  millisecond  period  or  10  cp* 
repetition  rale  la  desirable. 

6.4  Storage  Requlrementa 

U  we  allow  S*  leeway  above  the  horizon  tor 
Initiation  of  Interrogation  and  playback,  the  re¬ 
cording  time  will  be  as  shown  on  Figure  3.  For 
logistic  reasons,  it  may  be  desirable  to  use  a* 
Interrogation  station  as  low  as  60*  in  latitude. 

Fc,‘  such  a  conliguraitoo  140  minutes  recordtng 
lime  is  required.  The  playback  time  Is  give*  la 
Figure  I  as  37  minutes  or  less.  Allowing  sum* 
margin,  the  bandwidth  compression  will  be  abotd 
3  to  1.  so  that  on  playback  a  SO  kc  signal  can  b* 
expected. 

6.5  Telemetry 

The  maximum  bandwidth  required  by  the 
telemetry  channel  Is  100  kc  assuming  double 
sideband.  AM.  o.' narrow  band  FM,  telemetry. 
For  this  bandwidth,  and  the  slant  range  of  8000 
Km  given  by  Figure  4,  the  telemetry  transmitter 
power  output  of  3  watts  at  100  me  should  be  mor* 
than  adequate  (20  db  B/N)  If  an  1 8  db  ground  re¬ 
ceiving  antenna  Is  used. 

For  ).,;qul8ltloo  and  tracking  It  Is  desliatale 
to  have  a  continuously  operating  lelemeiry  ebae- 
nel.  It  Is  convenient  to  send  back  the  real  lime 
data  on  this  channel  (1  wait  for  20  kc  bondwldlhi 
so  that  a  record  of  the  Ionosphere  may  be  Ob¬ 
tained  ihroui^  this  rh:rj'.ci  <1  Uie  same  ti’  le  !h* 
stored  daia  Is  read  out  T.’iis  channel  also  lt»- 
creases  reliability  since  data  may  still  be  Ob- 
lalnrd  in  the  event  of  recordtr  faih^re. 

The  conninaiid  rerciver  r.iay  oe  lamped  with 
telemetry.  This  poses  no  parlicuUr  problem 
since  only  narri;w  band  information  is  expected 
to  be  received.  The  command  rereiver  \.1U  op¬ 
erate  conllnurx.sly  to  oki  i rady  tor  interrogatlo* 
from  the  ground  statluo. 

8.6  Tower  Supply 

Althoui^h  high  pulse  pe  wers  are  used,  the  duty 
cycle  Is  low  oo  Inal  the  tolai  power  required  lor 


Table  I 

System  SpeciflcallotkS 

Vehlclm 

Spin  Stabilized  -  Sounder  antenna  perpen¬ 
dicular  to  spin  aids 

OrUl: 

4000  Km  near  circular  polar  orbit  i 

Sounder: 

1.  Pulse  width 

2.  Repetition  rate 

3.  Peak  power 

4.  Reedvor  bandwiilh 

5.  Total  required  power 

6.  Antenna 

100  micronecotida 

10  cps  .1 

100  watts 

10  kc 

3  waits 

Ttuied  dipols 

Recorder: 

1.  Storage 

2.  Read  out 

3.  Required  power 

140  minutes 

30  minutes 

4  watts 

Telemetry: 

1.  Channel  1  video  B.W. 

2.  Channel  1  power 

3.  Ohnnnel  2  video  3.W. 

4.  C.htnn.’l  2  power 

3.  "otal  rqulrcd  power 

2  channels 
so  kc 

3  watts 

10  kc 

1  watt 

B  watts 

P  rof  ra  m  m  c  r  •  C  0  ra  myiad 

1.  Purer  required 

2  watts 

the  sound  jr  «hou!0  not  exceed  3  vatts.  Tie  tele¬ 
metry  transmitti.d  pwer  will  be  o(  the  order  ol 
6  watts  •  2  watts  continuous  and  4  watts  ;>(ldl< 
tional  on  readout.  Ttw:  recorder  is  expected  to 
take  4  watts  and  (he  pio^a.ns  with  r.ssoclated 
circultr) ,  2  waits.  Tie  total  power  requirement 
U  then  'S  watts.  Since  a  power  ratio  of  7.S 
walls/sq  (oce  is  available  from  solar  batteries, 
solar  power  Is  teaslble,  even  *or  lainbling  sat¬ 
ellites.  The  weight  for  a  non-orlnSed  solar 
supply  of  l!i  watts  should  not  exceed  30  pounds. 

The  general  speulflcallnns  are  summarized 
in  Table  L 

7.  SYSTEM  DESIGN 

Tigurc  lO  shows  (tie  overall  block  diagram 
'.s  w.'!!  as  a  niore  detailed  blo:k  diagr.im  uI  the 
bc under  ilcell.  TTie  programmer  is  c  sscnl'ally 
a  clock  and  gale  forming  ciicuit  as  well  as  a 
coi.lroller.  The  sounder  pultos  are  formed  by 
ga'ing  Ihe  mixer  which  mixes  .-i  i'.ablc  18  On.  sig¬ 
nal  with  a  ...s^iacci  by  the  desired  fre- 

U'lenry.  This  second  signal  i.s  also  used  as  the 
local  oscillator  of  Ih*’  receiver  so  that  the  re¬ 
ceiver  IF  Is  also  1C  r.ic.  fly  using  a  I..lrly  high 
Ir  ,  Imago  suppression  Is  slm  ilified  so  that  S/N 
is  no!  degraded.  Howovci,  crystal  IF  tillers  are 
required  lo  atl.iiii  the  10  kc  barbwibth  at  thr.se 
frequencies. 


Crystal  oscillators  are  used  (or  both  tS»s  II 
me  and  Ihe  offset  oscillator  due  to  the  light  (rt- 
quency  requirements.  Since  crystal  oscillators 
require  Considerable  time  to  start  and  stop,  ths 
mixer  Is  gated  wlbi  the  100  usee  pulse.  Tlis  II 
me  oscillator  must  be  turned  off  after  each  puls* 
sc  that  H  doesn't  feed  through  the  IF.  The  IB  me 
oscillator  continues  lo  run  while  a  number  ol  I 
me  pulses  are  transmitted  and  provide  the  local 
oscillator  frequency  for  the  receiver.  Ths  pro¬ 
grammer  keys  on  the  13  me  oscUUlor  when  3  me 
pulses  are  required,  etc. 

Logarithmic  IF  and  video  amplifiers  are  used 

10  prevent  overload  and  to  compress  the  signal 
dynamic  range  to  match  the  dynamic  range  of  the 
storage.  This  compression  will  be  delayed  so 
that  S/n  Is  not  degraded. 

The  other  components  in  the  block  diagram 
are  conventional  components,  modified  where 
necessary  to  satisfy  the  specifications  in  Tmblt  L 
Using  proven  components  plus  the  use  of  parallel 
components  in  ihc  sounder  circuits  should  assurs 
high  reliability. 

The  components  are  distributed  in  a  disc  or 
insular  ring  shape,  the  axis  of  which  is  the  axis 

1 1  maximum  moment  of  Inertia  about  which  the 

I  xtelllte  will  spin.  A  long  HF  antenna  Is  wrapped 
1  round  the  outside  and  allowed  to  unwind  after 
'nhlclc  scjiaratlon.  The  stable  configuration  is 
that  yielding  the  maximum  moment  of  inertia 
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Intraauctlf 

jji  mbf  Tvdar  and  coMHnlcatloii  ajat tva* 
InforM^loa  la  carried  by  the  algnal  fhaae.  Tba 
received  alcnaOa  paia  thmtdb  llalttoc  l-f 
Mpliriara  vbleh  anpllfy  the  al^iala  at  nrrV>» 
aafdltudea  th  a  unlfora  level.  IF  the  vhaae 
Xnforuktlon  la  not  to  be  dlathrted,  the  llaltled 
artlco  Buat  aot  alter  the  pliaac  rclatlooahlpa 
betveeo  the  varloua  el^nala  or  alsoal  ccavooenta. 
Therefore,  the  phaae  ehlft  of  U>e  llaltloc  a^- 
llf  lera  •mat  not  vary  vltb  Input  a^illtude.  A  ' 
ltaitlQ£  aepllfler  having  a  phaae  ahlft  Independ¬ 
ent  of  Input  algnal  aaplttude  la  defined  aa  a 
phaae  atable  llnltlnd  a^lfler. 

Clrculta  that  are  comnljr  uaed  aa  llnltlnd 
aapliflen  Inberentljr  produce  phaae  varlatlooa 
which  prevent  theae  clrculta  heliid  need  In  a/ateaa 
reijulrln*  prectae  phaae  aeeijureaeot .  Df  ualnd 
teiui  deflection  tubev.  however,  llaltlnd  aeplt- 
flera  that  are  highly  ptiaae  atable  over  large 
, ranges  of  Input  aaplltude  can  be  built. 


Cauiea  of  l^ae  Inatabllltjr 

A  Uniting  aoplirter  aakea  uaa  of  the  non¬ 
linear  transfer  (output  va  Input)  eharactertatle 
of  a  Halting  device.  Ideally,  this  tharaeler- 
litic  vould  ba  two  atraight  lines;  a  linear 
regloa,  aud  a  Halting  rccloo  where  output  la 
ccaiatant,  independent  of  Input  (Fleurc  l).  The 
pout  of  transition  between  theae  two  reclona  la 
called  the  threshold.  For  an  actual  Uniting 
device,  the  trunaltlon  la  rounded  and  the  output 
la  not  entirely  Independent  of  In^rt  In  the  Unit¬ 
ing  refloo.  However,  r«ceUent  Halting 
napllflers  can  be  built  w'.th  non- Ideal  llaltera. 


PICUBf  1  TRWIuKKK  CHAIlACTDlHyrlC  OF 
LlhlTlHC  DBVlCtS 


The  ranee  of  Input  signals  over  which  the 
output  of  a  llBltliic  device  la  reasonably  cun«tant 
ll  called  Ho  lloHlin;  rarn;«.  A  typical  llaltlnc 
mn-e  la  SO  db.  In  nany  oyateaa,  hewever,  a 
Uniting  anipllflcr  la  required  to  oapllfy  to  the 


aaae  level  algneila  that  aay  vary  over  a  Taaca  at 
Bo  db  or  Bora.  To  Bchlrve  auch  laiga  llBltlMB 
ranges,  a  niaber  of  Halting  dcvlcas  are  coo- 
neeted  In  cascaded  at-^a.  la  this  the 

weakett  alrptale  are  llaltad  by  the  laat  ataoa 
oaljr,  the  other  atagra  acting  aa  linear  aiplt- 
flara.  tor  stronger  aliprals,  additional  atacea 
Halt,  and  Cor  the  largest  slgnala,  all  stacaa 
Halt.  Halting  devices  car.  be  cascaded  directly 
If  they  have  aufflclant  gwin  lo  the  linear  ragloa. 
If  the  gain  la  low,  llneer  aapl  Ifler  stages  sxe 
necessary  betwesn  llaltlog  stages. 

Band -pass  nrtvorfca,  usually  alnglc-tuned  or 
double-tuned  clrculta,  coupla  the  caocaded  stages 
of  a  Halting  l-f  aaq>Hfl*r.  lha  Input  and 
output  tapedancea  of  the  Halting  device  as  tea 
aarlly  add  to  the  coupling  circuit  lapedances,  and 
lo  an  aapllfler  designed  for  a  hl^  gain- bandwidth 
pnxiuct,  are  significant  parts  of  tha  tuned  elr^ 
cults.  If  tha  Input  or  oitput  Ugiedaacea  chaags, 
the  reapor.ae  of  the  couplUg  circuit  will  ehasce 
and  tha  phase  shift  through  the  circuit  will  alas 
change.  The  Input  and  output  l^>edaacea  of  the 
llsltlng  device  uaed  In  a  phaae  stable  llaltlag 
mpllfler,  therefore,  oust  not  change  with  al^al 
asplltuda. 

Any  Halting  device  which  llalta  because  Ita 
Input  tspedance  changes  with  InpA  asqprituda  t», 
themsre,  obviously  laiaultahle  for  phaaa  stahia 
lUltlrg.  DavKca  la  this  caregcry  are  dlcda 
clippers  and  Chi'!  llsltara  mesa  depend  os  s 
change  In  lapedanec  to  load  the  sMpial  source  and 
thus  prevent  the  aaplltude  fros  rising  above  s 
certain  level. 

Other  devices  coanouly  uced  In  Halting 
a^lflera  produce  a  Halting  actios  becauas  at 
the  Haltatlon  of  the  svaUab^a  -aitput  pewer. 
Kxamplea  are  an  overdriven  translator  stage,  aaar- 
driven  pentode  aapllfler,  and  the  gated  bOM  bdhe. 
Phase  stability  and  Uniting  could  be  aebtevad  by 
using  auch  a  saturating  device  with  very  la«f 
laa>edaDcv  coupling  networks.  Tarlaltona  In  Halv¬ 
ing  device  Ispedince  would  thus  be  'awasped*  by 
low  circuit  lapedance.  B-nvever,  tha  lapedanca 
changes  that  occur  at  both  the  aeaileouductor 
function  and  vacuisi  tube  grid  are,  vnfortunataly, 
CO  large  that  galn-bandwldth  product  would  ba 
reduced  by  h  foctor  of  100  or  sore  If  circuit 
tapedancea  were  Bade  low  enough  to  vnaura  s  phaaa 
stability  of  one  degree  or  less.  Ispcdancs 
chsngev  of  the  llsltlng  device  cause  phaaa 
Inctnblllty  and  can  only  be  ellalmted  by  eerl- 
ouely  degrading  circuit  perforsaocs. 

Tie  second  serious  aourca  of  phaaa 
instability  In  a  Halting  aapllfler  la  stray 
coupling  of  the  Input  signal  around  the  llaltlag 
device  to  Its  output-  The  most  coaaami  fora  of 
this  otrey  ctnjpllng  Is  capacitance  between  InprA 
and  output,  both  In  the  1  lalttirg  device  Itself  asd 
In  th-  uaooclatcd  wiring.  Figure  2  shears  bow 
stray  capcrltance  causeo  phase  Instability.  Tte 
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^tput  of  the  llAltin£  device  le  the  tun  of  the 
desireo  and  a  quadrature  «l(^ial  coupled 

th«  atnijr  capacitance.  direct 

having  beeo  Halted,  has  L-onstant  aaplltude, 
wbereaa  the  etr^  alCnal  asplltude  chan^^ea  In 
proportion  to  the  input  aaplltude.  Thue  the 
phaae  of  the  rrfultant  output  varies  with  eloarl 
input  an^lltude. 


Input 


•traf 

Hh 


coupl  liv; 


LIHITIHO 

DEVICE 


output 


In^t 
signal 


retaltant  output 


large  Input 
algnal 


ies  1 ^tpuC” 
resultant  output 


desired  Output 
FIC'JRf  2  PHASE  IHSTAflILITY  DLfE  TO  STRAY  Ca/PLJhC 


Unlike  the  Input  ani  output  iapedance 
rhan,;;ea,  this  stray  co'jpllr^;  effect  cunnet  ♦'f  cfjde 
orivllglble  by  the  addition  uf  other  lAp<0an«cr. 

It  caa  cxvly  be  reduced  (ty  vareful  shirlJirw'.  both 
in  the  limiting  device  and  In  U>e  sut  i«^u/^lrig 
circuitry),  or  cancelled  (by  Introducing  an  equal 
afkd  opposite  stray  co-apUivV  The  first  approach 
is  desired,  since  the  cancellation  scheme  adds  to 
circuit  ccoplexlty  and  :educes  the  galn^bandwldtli 
product. 


The  Beam  Defl ectlon  Tuba 


1Ti<  rcqulreacnts  cf  a  limiting  device  for 
use  lo  a  phase  stable  }laltltig  aopLlfler  can  be 
suoMrlzed  as  fcHcws: 


a)  device  transfer  characteristic 

must  have  a  linear  region  and  a  limiting 
recloo.  Preferably  p^ln  Is  high  In  the 
linear  region  no  that  stages  may  be 
cascaded  without  need  for  Interned  late 
mmplLficrs. 


b)  Input  and  output  Inpvdances  must 
not  vary  algnlllrantly  wJth  Input 
slgnsd  ampHtude. 


e)  Stray  coupling  of  input  to  output 
must  he  negligible. 


The  besji  deriectlon  t-jtc  cullsries  these  requtf 
ments  perfectly. 


In  a  be'ua  1*' 
from  the  cathoUe 
an  electron  U 


ir'llo.'i  tnl  e,  <le  :Lruns  emitted 
r"  To  -  ijvJ  Into  a  jhoet  beam  bj 
y'.lcr.  Hnd  at  rx'  tcd  hetvfm 


deriertlcn  plate*  to  a  pair  of  amoAcm.  A 
utmpllflcd  sketch  at  tbe  isrimrlor  of  a  has 
deflection  tuibe  U  ehow  Im  y 


beam  foemdag 
eiectrodto  ’ 


Pia^  5  sufftiniD  aerren  of  a  sap 

BUN  DeTLCCTIOa  TUBS 


A  balanced  input  signal  1*  applied  serroma 
the  deflectos^.  and  tbe  output  Is  prc^ortlomaX  to 
the  difference  between  anode  curreuta.  Mhea  tbe 
Input  signal  is  lero,  there  le  no  defleetloo* 
and  Ibc  beam  is  divided  edumlljr  between  the  two 
anodes.  The  output  le  tbra  aero.  A  small  iaput 
signal  will  deflect  tbe  team  ccUy  parilalXy  from 
one  anode  lo  tbe  other  and  aa  output  pvoporilomal 
to  Input  vlU  recult.  The  tube  Is  them  la  Ita 
linear  rrgion  and  operalee  aa  a  linoar  aa^ifier* 

for  sufficiently  large  input  slgnala,  th* 
beam  Is  deflected  cosipleteVy  fro*  one  aaode  to  tba 
other,  hegarlless  tbe  peak  dcflectloa,  each 
aoode  current  changed  from  zero  to  the  fall  besn 
current.  The  tube  Is  oow  la  it*  Itmltlag  region, 
and  output  amplUad*  U  cooetant^  Indepemdemt  ft 
Input  amplitude. 

The  larrest  signals  that  tbe  tube  earn  handle 
are  those  which  deflect  the  b««m  ee  far  tbmt  It 
begins  to  strike  tbe  deflcctloo  plate*.  Fart  ef 
the  beam  current  then  goee  to  tbs  defleetlom  clr> 
cult,  causing  a  drop  lo  output  aatplitmde  amd  an 
Increase  in  input  conductance.  This  point  cC 
overdriving  and  the  threshold  point  (vbrre  tbe 
beam  wlnga  coapletely  frem  one  anode  to  tba 
other)  define  tbe  limiting  rai^  of  tbe  b««m 
deflectluo  tube* 

There  should,  theoretically,  be  mo 
capacitance  change  with  Input  signal  mk  tbs 
deflectors  or  the  anodes,  and  measuremente  verify 
thla  theory  Cspacttence  changes.  If  any,  are 
lens  than  the  resolutioo  of  the  meaneoreamat  equip* 
merit,  cr  leas  tnaa  ftw 

Input  conductance  is  negltclble  pr>3)vlded  the 
tube  i3  not  overdrive*.  Output  cvtidurtaAce  does 
derrease  an  tre  tube  it  driven  fr^m  Its  linear 
rtglfei  Into  the  limiting  leglon^  but  this  chmnge 
in  neglii'iMe  cisMred  to  circuit  eoaiuctatiee. 


A  ilit>14  gri4,  luertcd  betve«n  Dw 
dfeflmtXmm  aoA  Xbe  moDd^g  <)oei  not  effect  t>M 
fpf ftlM  €€  tte  tube  but  reduces  Iniemel  cepect* 
tenoe  bt^sta  the  deflectors  and  tSe  anodee. 
Iswlm  leaMnabXe  care  Id  circuit  eonetructlca* 
mtmg  cai^lJiC  between  Input  and  output  La  loe 
etwmb  t»  oUor  food  phaoe  atabllltor* 


Prectlcol  Cleoftit# 

fba  Oneml  Electric  Ca^«kAr  dectk'OGlca 
lokoeetavy  bee  built  pboae  stable  llaltlnc 
asqsHfien  mlos  expcriaeatal  besa  deflectloa 
tubea.  A  mmll  quantity  of  these  tubes  (de¬ 
signed  by  Ur*  Adler)  were  prepared  for  Gl  by 
Zenltb  Ibdla  Corporation*  This  tube  (type  109^) 
haa  a  eoBecstloaal  nioc-pln  aiolature  envelope* 

It  bsa  a  yala^bMdvldth  product  cf  over  ^  acpe 
vhicb  Bbea  poeelble  direct  csacadLn4  of  sls^fsa 
for  bsaMdiba  19  to  about  ace. 

Ar  ti^ertant  features  of  the  circuit  used 
vttb  tbe  109^  arc  obawa  In  Figure  b,  a  slapliflcd 
scbcBsllc  Alo^fraa  of  a  single  IlaitLnd  evplLfler 
eta^*  Tbe  ayMrlrlcaX  nature  of  the  tube  artbee 
use  at  bal eared  circuitry  appropriate.  An 
adeaategr  of  balMced  circuitry  ts  that  tbe  effect 
of  tbe  electrode  capacitances  of  tbe  tube  are 
aear^  balued* 


flam  A  sMPLirio  sctcoutic  diagram  op  a 

SINCIX  LIMlTinG  AMPtIKlEB  9TACK 


Is^erfectiona  of  tube  construction  csuse 
■lldbt  Arcenterliis  of  the  electron  been  vbco  tbe 
defleetlea  voltace  Is  sero.  The  circuit  of 
Flffure  k  conrets  for  tbis  decenterlnd*  Deflec¬ 
tor  btaa  ia  taXen  frea  resistor  voltage  dividers 
conaected  to  the  anode  voltage  dropping 
reslstora.  An  off-center  beoa  produces  a  differ¬ 
ence  ia  aaode  carreats,  caasln£  a  deflector 
pcTtewtlal  difference  which  reduces  the  oaount  of 
unccnterlac.  This  feeUbacb  network  is  bypassed 
to  tbe  l-f  alfpials. 

A  typical  rour>atA£c  llnltlnc  amplifier 
butlt  aalne  the  bade  circuit  of  ficiire  U  rui«  a 
iLmltloc  rMj^  of  %  Ob  and  a  bandwidth  ol'  2 
ceiTbcmt  at  >5  myi.  Ki^uru  ‘j  li  a  plot  ut  output 


o^lltuda  aa  a  funetlco  et  loput  aaiUtada  for 
tbla  Mainer.  n>aM  rtobUlty  of  tUm  a^lflar 
y%a  ehfliad  bj  tha  LliMjoii'a  fipir*  amtliod.  Du 
l>laaaJou‘a  ftsuz*  «*■  dloplmrcd  oo  •  kl^  tn~ 
^Lttaej  oaeUlxMeof  haTlac  UUntlcal  vertical  oot 
bortaootal  avllflvrv.  Ko  Jtaaa  ehoasa  vu  41a- 
cvmlkla  oa  th*  Input  ai^aal  vaa  rarlai  ovar  tba 
catlra  fio  4k  llaltlac  rasa*,  nine*  ffeaaa  ctianjia 
of  5  to  k  docra**  caa  bareljr  ba  dlatviid  vbaa 
vlawlBf  a  Lloaajou't  flffur*,  tkv  pbaoc  variatlona 


riCURK  ^  LSOTUiC  CIIMUCTBUaf  1C  or 

rOUR-STAOt  LDOTUC  iMUrmi 


ConcluatoB 

Til*  b«M  dencctloa  tmka  aakaa  fooalbla 
the  constmctlon  of  l-f  llaltlAS  ••pdlflarv  havlog 
output  oogalltudv  and  pUkM  ahllt  Uiat  osa 
ladepeodtat  of  Input  alcntl  a^ltuda  varlatlona. 
Tti««e  re*ult»  arv  not  feaalkla  vltb  o«kar  Xlalt- 
loc  derlcvs- 

A  ccMerclallgr  arallakla  btaa  dcdaotlaa 
tube,  the  Zf’600,  it  about  to  bo  ralcaae4  bjr  tba 
Genets  Xleetr.'  e  Itecelvliia  Tuba  Papal taeiit.  Hiaaa 
atable  llmltlox  npllflera  oalni;  ttwaa  tubea  caa 
provide  laprored  perfonauiee  la  aaqr  radar  ami 
coownlcatloc  a/attaa.  Ibopplca  ara  pliaaa 
coaparlaoo  BDoopulae  radar,  l-f  caDcvl.'’atlCB  MTZ 
ajrotoat,  aeveral  tjrpet  of  1001  ■jratana,  phaoa 
Bodulatloo  data  tranialaaloa  vyitiwa,  ood  otbar 
applicatlona  ubere  circuit  tuatog  aad  fbaaa  oblTt 
are  critical. 


HOTICX:  b«’acarch  leading  to  tha  reawlta  preaentad 
In  thla  pap-r  hoe  teen  apomrored  la  part  by  tha 
Air  Force  C abrldce  Rencarcb  Center,  Contract  go. 
AH5(0O><);uiJ. 


APPUCATIONS  or  TRAYCLJNC  VAVC  TUBES  TO  MICBOWAVE  CmcUltB 


By*.  Cicfory  C*  AmtfUm 

SyhraaU  El«cirlc  ProdacO  lac.*  EUctrottk:  Dafcaaa  LAbaratoHaa 


Tb«  trmwllag  wava  tuba  (TWT).  tsvaatad  Marly 
20  yaara  ago.  baa  do«  y«t  rcaliaad  ita  Call  po- 
teatial  aa  a  circuit  aUmooC.  Maay  ayatam 
daalgaara  aro  ualamlliar  wUh  tba  TWT'a  apociat 
cbaractarlatica.  aorae  of  wblck  baaa  batn  dla- 
covarad  only  racaatiy.  Bacauaa  maoulactnrara 
can  DO«  produce  large  quantitlaa  of  rallabla 
tubaa  having  wide  vartatiaa  of  apacLfIt  cbarac- 
teriatlca.  it  la  aaaantlal  tha  tha  daaifnar  ha 
aarara  of  tbaaa  cbatactcrlatlca  ao  that  ha  may 
apply  t  to  both  arlda-  and  aarroar-baad 
circuit^ .  Tbla  paper  reviaara  tha  uaa  of  a  TWT 
in  acvaral  appllcatlona:  aa  aa  ampUnar,  oacil* 
lator,  attenuator,  circuit  laoUtor*  limllar* 
phaaa  ahiftar.  miner,  and  frequency  divider  and 
multiplier. 

The  TWT  aa  an  AmpUflar 

Tha  moat  impo/tant  feature  of  tha  TWT  ia  that  1ft 
ia  a  Doa*tunab1a  microwave  amplifier  with  a 
large,  ialrly  unifortn  gain  cKaractarietic  cover* 
lag  a  wide  frequency  riagc.  A  typical  traveliag 
wave  amplifier  le  ahown  in  figure  1. 
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Fignre  1 

Typical  Traveling  Wave  Tube  Structure 

The  electron  gun  ie  usually  comprlaed  of  an  In¬ 
directly  heated  cathode,  an  accelerating  anode, 
aad  a  cotatrol  grid.  Beam  deneity  (and.  in  turn, 
tube  gain)  io  controlled  by  both  the  poaltlve  anode- 
to*catbod«  voltage  and  the  negative  grid  voltage. 
Although  beam  deneity  ia  not  a  linear  function  of 
either  voltage,  tote  gain  la  more  omooihly  con¬ 
trolled  by  the  grid  voltage.  Grid  voltage  control 
curves  are  abowa  In  Figure  Z. 

Beam  velocity  through  the  belln  le  dtierrnlned  by 
tbe  cathode -to*heUx  voltage.  Connectlag  the 


beltn  entemnlly  to  the  collacfter  and  grounding 
both  elevnaafta  incresaea  their  haat*dleaipa2ion 
ability,  bnft  nacaeaitatee  oparaftion  of  tba  cathode 
at  poftenftiala  negative  to  tha  grawnd  plana. 
Racanftly.  haeeaver.  1  ow- power  baba •  with  the 
baiiit  and  collector  leads  iaolated  have  becotM 
available.  Tbia  enables  the  cathode  to  be 
gronnded  and  raducaa  modulator  complanity  on 
the  gridL 
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Figure  1 
Grid  Coaftrol 

Tha  wide-band  directive  cenplam  used  to  coople 
tha  rf  signal  on  and  off  the  haUx  play  an  Im- 
portanft  part  Id  tha  TWT'e  broad-band  operation. 
Their  impedance  it  gene  rally  about  50  ohme.  1 
looking  ifgo  tha  coupler  airoctnre.  Id  moat  low-^ 
aud  mcdl«nn-power  tubea  tba  Input  VSWR  ia  leev 
than  1.7  to  ^  over  tha  operating  bandwidth;  this 
figure  can  be  lowered  to  laae  than  1.4  to  1  by 
carafol  vnanufacturlng  technIqoBa. 

Normally,  a  TWT  la  described  by  Us  gain,  tu 
power  outpol.  and  Its  operating  bandwidth. 

Figure  )  (a)  sbowe  curves  of  gain  and  power  oid- 
put  nt  I.  S  hznc  for  a  low-power  tube.  Small- 
signal  gain,  for  instance,  ia  c^ractarlaed  by  the 
facte  that  tha  gain  curve  ia  cooetaDt  sod  tha  power 
outpiit  of  the  lobe  is  directly  proportioned  to  tha 
power  input.  Saturated  gain  ta  defined  ae  tha 
gain  ebtaiaed  whan  an  Incrtaaa  in  power  input 
prwSucee  do  further  inc  reaaa  In  power  output; 

••at  jrated  gain  ie  $  to  7  db  lass  than  the  small- 
si'^pkal  gala.  The  power  curve  la  non-llnaar  In 
tola  aectlon.  which  ia  known  aa  tha  saturated 
region.  At  the  peak  of  tKia  carve,  the  power 
outnui  le  at  ita  maximum,  and  for  any  further 
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in  power  input,  the  power  relmtieeihip 
forme  a  damped  otcUlating  curve*  Never  aga&a 
doee  the  power  output  retch  tKe  orlgliiel  power 
level.  Figure  3(b)  Uluetratea  aniall-algmal  gala* 
pala  at  maximum  power  output,  aad  maadmutn 
power  output,  over  a  1-kmc  frequeacf  raage  for 
a  lowxpower  tube. 


W  (b) 

Figure  3 

Cain  eod  Power  Output  Curvee 
lor  a  Low-power  Tube 

It  will  be  noted  that  If  a  etrong  elgnal  ia  injected 
into  the  front  end  of  the  TWT«  the  eaturation 
level  of  power  output  will  not  be  exceeded.  Thle 
affords  good  crystal  burnout  protection  for  detec* 
tore  and/or  crystal  mixera 

Inherent  Capabilltlee  of  the  TWT 

Becauee  it  Is  an  amplifier,  the  TWT  can  be  ar* 
ranged  in  a  circuit  with  a  feedback  path,  and  ufvder 
controlled  conditiona,  the  result  ia  a  discrste  ml* 
crowave  oscillator.  It  is  a  multimode  oscillator, 
however,  because  of  the  fine  ripple  effect  inker* 
ent  in  the  gain  structure  of  the  tube.  Begerdleea 
of  this  fault,  the  TWT  is  sUll  useful  as  a  fixed 
frequency  oscillator. 

The  TWT  can  act  ae  an  attenuator  and  does  act  as 
a  circuit  isolator  in  many  applications.  Both  of 
these  features  ars  inherent  because  of  the  con* 
structioQ  of  the  TWT.  The  tube  has  a  normal 
cold  loss  in  its  ri  structure  of  about  bO  db  in  the 
forward  direction  of  propagation  and  00  db  in  the 
reverse  direction,  due  to  directivity  of  the  rf 
couplers.  Control  of  the  TWT  from  a  gain  of  30 
db  to  a  lose  of  60  db  is  possible  by  proper  bias 
voltage  on  the  grid  of  the  tube. 

The  TWT  as  a  Limiter 


For  the  first  specific  application  of  the  TWT  to  a 
circuit  problem,  consider  use  of  ths  TWT  ss  a 
limiter.  For  example,  a  circuit  may  require  a 
particular  microwave  limiter  which  hae  a  broad 
frequency  band,  relatively  constant  power  output, 
and  a  wide  dynamic  range  of  power  Inputs,  la 
this  esse,  the  solution  is  to  use  two  TWTs  which 
have  different  power  output  levels. 


Two  tube#  of  tbo  same  power  outpof  teval  niwst 
be  cascaded  for  two  reasena.  FIret,*  tbe  oolse 
of  the  input  tube  may  Saturate  the  sscood  tobe# 
resulting  in  unusable  aignal  output.  Secowd,  cae*- 
cading  two  tubea  of  the  same  type  may  limit  tbo 
dynamic  input  rsukie. 


The  limiter  characterietic  of  tbe  cascaded  tubes 
depends  oa  the  saturation  charactsristles  of  belb 
tubea.  Tha  combination  of  a  10*mlUiwotl  low* 
power  tube  as  the  input  tube  and  a  l*waU  medium* 
power  tube  ae  the  second  or  output  tube,  for 
example,  will  give  the  limiter  a  large  dynsmir. 
range.  In  Figure  4  the  power  input  versus  power 
output  curves  ahown  for  each  type.  They  are  ar* 
ranged  in  such  a  way  as  to  show  the  effect  ef  a 
signal  at  one  fre4)usncy  operating  over  a  range  d 
power  from  *39  dbm  to  fS  dbm.  This  arrsjige* 
ment  yields  a  limited  characterietic  nf  o  £  db  at 
a  powsr  output  of  I  watt. 
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Figure  4 

TWT  L«miiing  Characteristics 


A  dynamic  range  wider  than  tbe  eos  dioeuassd 
here  is  possible.  It  was  recently  reported  tbet  a 
dynamic  range  of  60  db  and  a  limited  output  of 
db  wae  achieved  using  two  cascaded  tid>es.  la  tbio 
case  one  of  the  TWT's  was  designed  witb  cbarac* 
terisUca  which  improved  the  saturation  eiloct. 


Special  Applicatiens 

It  was  noted  earlier  that  beam  current  and,  in 
turn,  power  output,  can  be  controlled  by  varying 
the  grid  voltago  of  the  tube.  Tbe  grid  ia  essful  In 
many  applications  because  of  its  high  impedance 
characteristic*  CW  signals  can  be  converted  ietw 
excellent  nse-time  and  narro>w*pulse*widtb  sigonln 
by  using  the  grid. 

One  example  of  this  technique  is  iHuatrated  la 
Figurs  3.  It  shows  a  microwave  generator  wbicb 
uses  a  klystron  and  two  TWT's  to  gate  an  rf  signal 
into  extremely  narrow  pulsea.  In  this  case,  the 
stable  frequency  source  feeds  a  signal  to  the  flrsd 
TWT,  which  is  normally  to  cutoff.  A  stssp* 


rts«-tim«  vidto  pgJis«  gto^tfttor  pulsct  tH«  flrflt 
TWT  <m  Th«  fam«  vi4«o  io  th«o 

%Ad  ftpgJi«d  to  th«  aocond  TWT  io  rovortt  polar* 
ity.  T^o  •«coi>d  TWT  hit  booo  amplifying  tho 
ti^nal  from  tht  first  TWT.  and  upon  ap^icatioo 
of  tht  negativt-going  pultt,  tht  ttcond  TWT  cuts 
off  tht  rf  signal  btir.g  amplified.  Tht  rttult  of 
gating  tht  t'^ro  TWT't  in  this  manotr  it  a  narroti 
width  rf  pultt  having  a  sharp  riat  iimt  Rtatoo- 
aolt  pultt  widths  of  thit  gtntrator  vary  bttwtto 
30  nanottconde  and  2.  S  mierottcemdt. 


r<gurt  S 

Nioottcond  Kiicrowavt  Pultt  Ctntrator 

Anothtr  utt  of  tht  grid  it  in  t  ttcbni^ut  uttd  in 
pulit  iifnal  control  known  at  mtttnlintoui  auto* 
matic  gain  control  In  Figurt  6  an  rf  input  tlgnal 
in  applied  to  a  powtr  divider  circuit  wht  rt  hell 
tht  powtr  it  ltd  to  a  TWT  and  tht  othtr  htU  it 
dtucttd  tnd  tmplifitd* 


Figurt  n 

Intttnttneout  Automatic  Gain  Control  Circuit 

Tht  output  of  tht  video  tm|^ifitr.  appUtd  with 
the  proper  poltrity  to  tht  grid  of  tht  tubs,  will 
control  tht  power  Itvel  of  tht  output  pultt  tignaU 


Out  to  circuitry  dtlay  in  tht  dtttctor-vidto  taa* 
ptifior-TWT  grid  tytCtm,  th#  rf  polto  tovolopn 
Witt  havt  t  thtrp  ovtrthoot  on  itt  Ittding  tdgt 
tt  shown  in  tht  figurt.  A  solution  would  bt  eo 
incorporsts  rf  dtlay  into  tht  front  tnd  of  the  TVT 
ftt  shown  in  tht  lowtr  pert  of  the  figurt)  T1ite« 
the  rf  pulse  it  delayed  at  annount  of  tlnne  o^eel  to 
the  video  pulte  dtlay. 

Phett  Shift  Characttriatlct 


An  inherent  problem  in  any  microwave  aniplifitf 
it  tht  phase  shift  that  may  occur.  In  tht  traveling 
wevo  tube  amplifier  thit  phatt  shift  may  he  oithtr 
a  problem  or  a  meant  of  mtking  tht  tube  merit 
vertttile  If  accurste  phase-shift  tolsraecet  tre 
not  required  in  an  amplified  rf  signal,  tht  trtv* 
sling  wtvt  tube  it  an  ideal  amplifier. 


Figurt  7 

Phatt  Shift  of  a  TWT 

The  curvee  in  Figure  7  show  angle  of  phase  thilt 
versus  change  in  heli«-to-cathodt  voltage  Tthiog 
the  3-kmc  curve  at  an  example*  the  pheae  it  tht 
TWT  will  shift  ISO  degrees  with  e  7. to  9*vott 
chtnge  in  helix  volltgt.  Tht  corresponding  lota 
in  gam  of  tht  TWT  does  not  exceed  more  thee 
3  db  for  this  equivalent  chtnge  in  btlis  voltage. 
Over  most  of  the  operating  frequency,  (he  gait 
changes  leas  than  3  db. 

A  sawtooth  waveform  appliad  to  tht  helix  of  t  TWT 
yields  an  approximate  phase  modulatioe  of  unlim¬ 
ited  deviation  Thit  method  is  Celled  eerrodyne. 
tnd  hat  the  interesting  property  of  obtaining  t 
tingle  sideband  signal  with  all  other  undertirable 
frequencies  euppretted  at  least  20  db 

If  an  equally  divided  sawtooth  voltage  is  applied 
to  the  helix  of  the  tube,  which  is  censidered  to 
have  e  uniform  phase  change,  the  phase  oi  the  rf 
aignet  being  smplified  by  the  tube  changes  from 
4w  to  0  to  •m  rediant,  or  a  full  360  dagrtet. 

The  sawtooth  voltage  is  also  considered  to  have  a 
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•hort  flybtck  tim«,  ftUowlac  «h«  phts«  to  rovoit 
quickly  bock  to  it*  otorting  poiiit.  Slnco  tho  porioA 
ei  time  nocottory  to  m«ko  %  comploto  360>d«groo 
photo  thlft  it  o<|ua1  to  tho  tioso  period  of  tho  longov 
•lope  of  the  eowtooth  weveform*  the  frequoacy  of 
the  towtooth  moduletioB  io  tk*  treotlotion  frtqoeo  ' 
cy  of  the  TWT.  Therafor««  for  o  tewtooth  fre«> 
quency  of  1  kc,  the  frequency  shift  of  the  origioeJ 
rf  will  bo  *  kc. 

One  method  of  ttudying  the  ehift  niveform  end  e 
good  eppliextion  of  the  terrodyoe  techAiqaeit  the 
homodyne  tyttem.  Figure  8  illuotretet  the  mekO" 
up  of  e  homodyne  eyetem  ueiag  e  TWT  which  l« 
modulated  by  e  tineer  eew'^oth  voltage  In  a  hom^ 
dyne  detection  ayatem.  tha  carrier  oignal  ia  dteld* 
ed  into  two  channela-  The  firet  channel  ie  fre« 
quency-tranelaied.  while  the  second  ie  applied 
directly  to  a  miner.  If  the  firet  channel  ie  Irene- 
lalci  by  a  tmall  deviation  and  mixed  with  the  ori¬ 
ginal  carrier  aignal.  the  difference  frequency  re¬ 
covered  li  the  frequency  of  the  deviation  aignal 
la  thie  eaee.  the  mixing  prcKcee  eliminetea  the 
earner  and  yielde  only  the  tnodulated  aignal. 


Figure  % 

Homodyne  Detectioo  Syetem 
Frequency  Mixing,  Dividing^  and  Multip 


Some  recent  aucceeaee  In  microwave  frequency 
Tnixing,  multiplying,  and  dividuig  have  been  accom* 
pliehed  in  travelijig  wave  tubes  employing  nooliiw 
eantiee  of  an  over-modulaUsd  electroo  beam.  Cow* 
veraion  gatni  aa  high  aa  30  db  and  full  traveling 
wave  tube  eaturation  power  owtput  are  obtainable 
at  microwave  intermediate  frequencies  and  other 
intermediate  frequencies  aa  low  ee  30  xn€« 

If  a  microwave  signal  saturates  a  traveling  wave 
tube*  amplification  is  non-lmear.  U  another  micre- 
wave  Signal  ie  present*  tntermodulalion  of  the  two 
•ignale  will  occur*  1.  e  *  the  TWT  acte  as  a  mixer. 
The  IF  signal  can  be  obtained  through  a  tuned  cir¬ 
cuit  placed  in  the  dc  lead  of  the  collector*  if  the 
frequency  ie  low  enough,  or  it  can  be  obtained  at 
ths  tube  output  If  a  microwave  IF  aignal  ie  deeired. 


A  diagsmaa  of  auch  a  circuit  Is  shown  ia  Figure  9. 
la  Ms  cimit*  the  local  oscillator  Is  causing  tha 
TWT  so  satarate.  rrsulting  in  4  nonlinear  bunching 
affect  ad  tha  beam.  When  a  signal  is  prosent  oo 
tha  helax*  tha  mixing  action  produces  a  30*mc  IF 
carraat  ia  tha  beam.  This  30-mc  signal  thsa  ap- 
peara  across  the  tuned  circuit  of  the  collector. 
Thera  la  aaa  iSMjor  dlesdvsntage  with  this  arraaga- 
msat,  haws  vert  there  is  no  coaversioa  gala. 
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Figvt*  9 

rrm^wney  Mixar;  IF  Output  from  Collactor 

Aa  A  ra— iU  of  furUtar  axparlmantation.  an  lin. 
pravoA  oiiur  configuration  waa  found  which  uaa* 
tww  athar  prapartioa.  Tha  baaii  of  tha  improved 
•abcar  ia  lha  uaa  of  a  downward  voltaga  Jump  and 
a  Ww-valtega  drift  ragioo  following  tha  amplifying 
ImUx.  Tlua  ia  ahown  io  Figure  10.  Oparatlon  ot 
tha  uiur  ia  thl*  marutar  ralultcd  in  a  convar*le« 
gaiaaf  47  dh.  This  result  Is  reUted  to  tbs  gsia 
af  Aa  aiMptifyiDg  secUoa  of  ths  first  helix  for  a 
lew-ps— er  algaal. 
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Figure  10 

Freqoency  Mixer:  Voltage  Jump 
and  Lowwvoltage  Drift  Space 

A  wilwsr  wish  4  microwave  IF  output  can  be  con- 
strweted  by  using  two  helices  within  the  some  tuba. 
The  GreS  balLx  is  used  for  normal  microwave  am- 
pItfiTsrten  over  a  broad  band  of  frequencies.  The 
esrewd  belie  le  used  ae  a  voltage-tujied  dlspersiva 
IF  aavftifiar*  operating  at  a  microwave  IrveL  Tha 
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term  <3lep«r«Sr«  m«vi«  Ui«  fret^MDcy  tH«t  l«  %m« 
plUi«d  !•  directly  dependent  on  the  helix  eynchro* 
ooue  voUege-  The  circuit  ie  iUueireted  in  Tig.-re 
n.  For  ihit  circuit,  the  convereien  geia  e»ee  10 
db  with  en  IF  bandwidth  oX  20  me.  The  eeme  tuba 
o^reting  with  •  200>mc  IF  btndwidth  gave  a  eaa- 
veraion  gala  of  lb  db  The  eaturatad  IF  power 
output  waa  4-15  dbm. 
iifvT  <tua 

nm  m 


Doublc'helix  Traveling  Wave  Mixer 

An  intereeting  application  of  the  mixing  ptoper* 
tiea  of  the  TWT  ia  the  uce  of  euch  tubea  aa  fre¬ 
quency  dividera  employing  regenerative  modula¬ 
tion.  Frequency  d.viaion  by  a  factor  of  two  can  b# 
obtained  by  feedback  around  the  circuit  ae  iUua- 
trated  in  Figure  12  The  input  aignal.  fa.  mlxea 
with  a  aignal  from  the  feedback  path  operating  at 
fi  /Z  and  produce#  a  mixer  output  fa  /2.  which 
auataina  the  divider  action.  Agtin,  the  aecond 
helix  ia  tuned  to  amplify  the  f  JZ  aignal  aod  aup- 
preaa  any  aignal  other  than  fi/2 


la^vt  i'CiM 


Figure  12 

Regenerative  Frequency  Divider 

A  frequency  multiplier  circuit  ia  the  reverae  of  a 
frequency  divider.  A  feedback  path  can  be  uaed« 
aa  waa  illuatrated  in  the  frequency  divider  circuit, 
or  another  method  which  ia  attractive  can  be  uac4. 


TW  haiiiiwira  of  the  eaturatad  aignal  ox  the  flret 
bollx  caw  W  amplified  by  a  diaporaive  ballx  fol* 
lawli^  It.  Thio  will  allow  mulHplicaHox  aX  fra- 
^aanciaa  aritbout  the  nacaaaity  od  feedback  path# 
or  local  oacmatora.  With  a  vide-TolCaga  toalag 
raaga.  aaawml  different  Individual  froqaeaciaa 
can  be  a»pl»fied  by  the  aecond  helix.  Tba  power 
level  of  tba  harmonic  aignal  ie  the  earn#  at  tba 
aalnrated  power  availabla  from  the  eecood  helix. 

Coaclneiow 

When  the  TWT  is  coneldered  for  use  ia  a  microwave 
circuit*  tba  operating  conditions  eheold  first  be 
4eiiasd.  Each  of  the  particular  applications  de¬ 
scribed  ia  ^e  paper  will  eatiafy  a  certain  functlaa 
which*  with  care,  will  work  emoothly.  Each  cir¬ 
cuit  ai>plicaiioo  requires  ioveatigatioa  to  inaare 
otmoat  pcfiormanca.  however,  for  a  TWT  ie  an 
axceUent  device  only  when  uaed  property.  The 
object  oi  this  paper  ie  to  acquaint  the  deeigner  with 
some  of  the  capabilitica  of  thia  amplifier,  which 
lende  itself  exceedingly  well  to  many  broad^bajed 
microwave  applicationa  Soma  of  the  advantages 
of  using  TWTe  are; 

fl)  For  power-aenaitive  applicatlone.  the 
traveling  wave  tube  ia  free  from  bum- 
out  caused  by  high  level  eignala. 

|2)  The  TWT.  because  of  ita  broad  frequency 
raage.  does  not  have  to  be  tuAod. 

(1)  TWT  s  can  be  modified  easily  for  special 
eppfication  eircuita 

ii)  W  tb  periodic  permanent  magrkcUc  focusing 
the  TWT  IP  attractive  as  a  component 
1>>  muse  ol  its  low  weight  and  low  opera* 
t  T  power  requirement. 

One  disadvantage,  of  course,  ie  the  high  power 
required  for  the  solenoids  needed  by  certain  groups 
of  lubesL 
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J.  SbaltoB.  tr,  and  Icnnatli  S.  lallahaf 
Anro  Om  iitro  Ccrpontlco,  Alanndrla,  ?lrfliila 


Tha  purpona  of  thia  papor  la  to  prcawt  la 
logical  oMtr  tha  aorprlalnelf  vail  ninbar  of 
tachnlquM  aTailatala  for  adilaYln(  nlomnaooad 
beta  acannlog  In  an  amy-trpa  radar  and  tn  da> 
acrlba  briefly  a  fav  of  tba  noot  recent  Inoo* 
ntlona  In  tha  field,  Tha  two  (enaral  apfiroachas 
that  can  ba  nada  to  tha  problv  of  arbltrafy 
coveraga  of  a  larga  aolld-angla  reglen  arc  b<^ 
sldered  ••  a  radiating  ayatv  with  an  ontpat  for 
each  bean  poaltlon  with  high-speed  awltJchiag,  and 
a  single-output  syatv  with  rapid  phase  shifting. 
Two  general  classes  of  mltlple-beu  systMi  are 
dlso.ssed,  one  In  which  bean  foradng  la  doe  after 
1-F  titpllf  icatlon  and  anothar  In  which  ■iltlpln 
beaas  are  fonted  by  passlra  R-F  nstworka.  Slagln- 
Inpui  continuous  scaruilng  systaas  Include  thtaa 
based  upcti  frequency  scan  aiid  thoas  using  phsaa 
shift  to  scan  at  fixed  frequenej.  Finally,  rendil- 
natlcns  of  system  to  prorlda  two-diaenslonl 
corersgs  are  dlseussed. 

Hiltipls-Bean  Systeaa 

In  the  category  of  the  mltipla-beaai  sjit— 
for  bean  switching  or  ooostant  survelllanea,  tan 
lines  of  derelopnent  hare  been  followed,  lha 
first,  for  use  on  reception  only,  imolras  tia 
ust  of  separate  alxera  and  I-F  aapllflara,  fol¬ 
lowed  by  I-l  delay  linos.  Cor  each  elvent  eg  Uie 
array,  as  shoam  In  Figure  1.  Hiltlple  fooased 
Inputs  sre  provided  by  appn-opriately  tapgiing  the 
delay  lines  In  natrlx  fashlo^.  Sines  phase  sad 
saplltude  control  sre  lehlered  by  locating  tha 
taps  on  the  delay  lines,  the  array  eonflguwtlaa 
is  not  Halted  to  linear)  In  fact,  any  conrcBleat 
gemelry  froa  linear  to  clriular  nay  be  cteses. 

As  was  prerioully  Indicated,  the  principle  ^n»- 
back  to  this  systen  is  Its  iusblllty  to  opersta 
In  i  transnlt  nods. 


ria.iu  i,  i-usii.'.  iui,;a  -  vats 


Tha  second  sailtlple  bean  deralOfMnt  InrolTsa 
passive  R-F  network!  for  proeldljv  Biilil|d.a  feeds 
to  linear  arrays.  Ths  Nsxboq  systaa,  show  la 
Figure  t,  %riU  ehortly  be  Inecrpiorst^  la  aa  FAA 
height- finding  radei^.  This  mltlpla-beoa  coo- 
figuration,  which  Is  of  U>a  trsveUag-tavs  typs 
snd  therefora  Inherently  slightly  Ineftidscit, 
proddas  s  very  eonrenlcot  fora  factor  for  tha 
waveguide  spgillcatlcB  using  cress-guldo  eouplars. 


na-mi.  2.  uuMw  a-uiru-Ksa  amzimia 


Although  ths  tunsharg  lens  shma  la  Figure  ) 
Is  prlnarll;  used  sa  a  direct  radlatlag  cbjectlve 
with  nUtlple-beaa  capability.  It  can  be  aappllad 


Beaa  Clrectlcaa 
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«ltb  rc*da  OD  (ll  iUm  to  fon  a  ikaao  eorrtctlcD 
g«e«ntar  with  vhleh  a  elrmlar  or  array 

can  ta  fed.  Ooa  of  tiM  baale  dlfllc^tlaa  tbat  la 
encaantarod  la  all  atltllOa-fead  otjaetlraa,  tuah 
aa  Imaa  or  raflectora«  la  Obtalaiiii  «afflcl«it 
baaa  orerlap  vltb  aatlafactcrj  aytata  lllaal- 
oatlw  aad  loa  eoupllqf  batiw  lapila. 

Tba  tvo-dlanalcoal  r«allaatl«  af  aa  amaual 
Xjfn  of  Uaaar-array  feed  ayalM  la  ahoM  la 
fltura  lu  A  hoaogeneooa  paiallal-flata  rafloa  la 
fed  ea  ooa  aide  by  Uia  bcaa  liyta.  Iba  bon 
pldBipa  on  the  oiber  aide  are  coteiaided  to  ^ 
radiating  cloaenta  by  aarlable  llaa  lemtha'. 

Thera  are  sufflclaat  IndepeMai*  penaatara  to 
Inaura  three  focal  podDta,  aad  peeper  dwlee  of 
feed  cam  Introducaa  aneil  aoaafr^  dlatortloa 
a*  other  beea  poaitleoa. 


feeda  priioiaeea  eeltagc-ecDtrollad  awltobar,  fb^ 
aoannln«  of  a  alnfle-lnput  array  pceeaiea  en'Itaja 
controlled  phaaa-afairt  deeleea.  Slnae  phaaa  la 
generally  dependaBt  on  frequeney  «haa  a  length  aff 
traneBleaioD  llaa  la  ineolved,  the  adeent  of 
eoltaga-eonirollad  ederof  re  oeoUlaten  baa  ltd 
to  frequaoey  aoaa.  nirtbcr,  tba  adrant  of  reltad^ 
eontrelled  aulld-atata  darleta  baa  anablad  npdd 
acan  at  fixed  freqtenojk 


Whatcrer  tbe  detalla  of  tba  frequauoy  teaa 
ayeten^  tbc  baaic  elenent  la  a  tapped  (UF  t(aa»> 
aletlon  line.  Snob  a  configuratlao  la  ahoia  la 
Flpire  6  for  e  linear  arrtjf)  two  typea  of  cnpllna 
Junction  can  be  used,  a  ST^netrleal  tbrte-pea* 
Junction  tdlb  attcudent  nlanetch  er  ntebad 


riisu  a.  ttMUjOrrun  caenam  laa  tea  uou  iwat 


An  optlaat  anltl|fla-bean  ayataa  la  abown  In 
Figure  5.  It  la  built  up  of  hybrid  Janetlcna  and 
proridea  one  b«u  posltlaa  for  each  elunt  of  the 
array.  Thle  ccnflguretlon  la  eptlaa  In  that  It 
haa  laolated  Inputa  and  cvtpnta,  la  tbaeretlcally 
Iceelecs,  and  obtalsa  na.TliiCT  poeaibla  gala  and 
alnlica  poeaibla  bean  apadnf  fToa  the  amyK 
Althaifh  It  doea  not  offer  the  adeeatagnwi  farm 
factor  of  other  nultlpla-beaa  oaorigaratlcnt.  It 
can  be  aasensled  fren  canrcntloial  trannelielaa- 
llnc  conponenta. 

Before  leering  the  anbjeet  of  Hltlple-bean 
ajntoaa.  It  should  be  noted  that  the  rapid  oper* 
etlon  of  the  eystoi  la  dependeot  epen  the  type  of 
avltcMng  that  ii  need.  Since  07  array  radar 
syrtena  are  obtaining  enavena  poau  ontputa  by 
preceding  each  radiating  alcnest  by  an  anpUflcr, 
It  la  poeaibla  to  accoepilab  adcreacccnd  avltchi^ 
at  relatlTcly  lou  lerela,  idilch  la  nilta  irartlcal 
with  exiatlng  dcrloea. 

Cent im Qua  Scaiinlnij^  jf  a  Single  laprt  Antenna 
iyatoa  ~ 

Jurt  az  nlcroecccnd  a  fanning  idth  nltlpla 


<•  '•  r».  *1  •  e^jl.e^  <0 


ae.  'nr  pi  t«  <^^e^ 

•  ;#*  "or  cT  ti- «a  I* 


dlnetloiia  «<mlilia(.  tb«  irlWT 

vlth  th«  ilara.ar  ^ll^ln^■^«ni  tt  Wpjr*  &{B)  1*  It* 
lupoAiDM  chhrBCt*Pl*tlo«  fli* 
tnm  th«  JvBetlem  am  build  up  to  »  loPfo  Inpat 
■iMtdi  la  a  lorn  array  id»«i  tha  baaa  la  aoaanad 
to  th*  broadalda  pualtloaf  asoavx^*^  By  d***** 
diatvtloB  of  th#  apwtor*  dlatrllnllca.  ^oo  la 
th*  dliactloaally  eoaplad  oaa*  th*  ouU  ladlrlAi> 
al  TSWa  of  the  ooapiara  oaa  add  to  ■laaahl* 
**lu*a.  1  aolatioa  to  th*  irohlai  of  th*  broad* 
aid*  raaoBoao*  affoct  la  1nrtln>t*d  la  naara  7| 
th*  OTtiaU  Ha*  l«i«th  froa  tha  Input  to  tha 
ladlrlAial  r'dlatlng  elmoot*  la  l*ft  aBCfeanfod, 
bat  tba  JuaotlcB  locatlcaka  ar*  taadcaly  dlap«ra*d 
to  fr«T*nt  ojcaaolr*  alaaatch  at  any  fro(ia*ocy  or 
tioaa  pooltlcB  laeladlac  broateld*^*  It  caa  bo 
ahom  that  th*  iapot  lapodano*  for  rich  a  oaa* 
hoa  a  mndoa  frocyieocy  d*pend«ic*  vlth  no  r«*o- 
aaac**  lod  th*  aapUtudo  dlntrlbutlon  varl**  la  a 
rando  fashion  about  th*  d*alr«d  function,  '.hla 
Bcthod  for  «lladmtlna  broadsld*  maonano*  alcfat 
veil  b*  appUad  to  astama  ajatana  that  ara  tha»- 
rctlcally  Donroaonant,  aloe*  raoDanoa*  In  lone 
periodic  *truet'.ar**  caa  reault  fro*  »«ry  aaaU  af¬ 
fect*. 


fV^ 


□ 

€ 


] 


f 


f 


«  i 

r 

r 

\ 

I 


J  i 


1 


T,  fUKIH.’l.t  #  Jh  llTUV 


th*  fondanental  lli»'Utlon  of  fixed  array 
scanning  anlanma  la  tha  loea  ctf  affactlra  a  par* 
tur*  aa  tha  beoa  la  fi*n..*d  tmaird  th*  .  '-j#  of 
th*  array.  Circular  arrays  reold  thla  prohlea, 
but  th*  conplaxlty  of  h*  phasing  funotloo  aad 
anplltuds  dlstrtbjtlw.  Is  discounting,  d  t*ct>* 
nlqus  for  obtaining  j60-d«*r»*  frequency  scan  vlth 
a  clrculsjr  array  bos  recently  b««n  developadj  aad 
a  sketch  of  tho  syntn*  la  Bho»  In  Plgur*  0. 
focusing  Is  schlsreid  by  Uperlng  ths  lntarclmat 


llna  laawth*  la  tha  approprlata  aan^  ta  «***<■ 
a  panboUe  pbaaa  ocrieotloa  that  dlaaaly  a^iia'aal 
mtm  tha  raqulred  jtiaaa  oorrMdlcB,  M  (X-«aa  •). 
Oamlitada  dlatrlbotloe  la  eontroUad  a^ 
by  oalng  dlroetlonal  fUtara  to  empla  aearcp  Bw 
ths  aarpaotlM  Una  to  tba  array*.  Of  coag**; 
apinsclMta  foeatlec  teohiilqpa,  aaoh  aa  th*  elra- 
lar  rafl*otor«  tba  Soladdt  l«*-r*fl*etor,  th* 
parallal'plat*  ooratralaad  Ian*  ayataa*  aad  th* 
fraqusooy-acaa  olroular  array,  dladalaha*  la  Ma 
affaotlT«oaaa  aa  tha  apartura  alaa  lamaaaa,  la* 
eanaa  of  tha  aacaaaary  roAietloo  la  naahla  ap»«- 
tur*  rolatlT*  to  OToell  alao  for  gf.van  lafvofrt^ 
urror.  Houavar,  tha  fra<piancy>-*oaa  clrtalar  array 
la  found  to  h*  alpilflcantly  snporlcr  to  tha  drM- 
lar  .eflaotor,  and  90-d«gr**  asrtoca  oaa  b«  aaad 
to  obtala  baaavldth*  of  tha  ordsT  of  ooa  dagr*^ 
that  la,  vlth  dlaaatars  of  apixrarlaatali'  9Ch. 


»ir*t 


nouM  S.  nuoiKCT  SCSI  Of  cuoai*  *«■ 


rjouia  9,  ruts  oornot 


•  • 


lUdUtloD  of  •  TmrUa*  fr«iB«>eijr  1* 
alMTi  dealrmhl*,  aiiaca  th«  dlr«ctla  httm 

is  a  foneticD  of  frK^ancj.  To  rataia  tka  a4«ab- 
ta(«a  of  frtqoaDcy  aeas  with  a  eonatart  a***^**** 
ftaquwcy,  a  BetHork  of  tha  typo  aboa  lo  Plfara  9 
la  »i»)llcaU.t-.  1  ooTtrel  freqaanop  la  pMool 
tia.  tha  aarpantlna  tranaolaalon  Uaa  to  <kla1o 
tba  trad  fhaaa  <tharactarlatlo,  oof  It  lo  ofdad 
taol  aubtroctod  frta  tba  radlatad  flri^aaoy  ty 
oloara  bafora  and  after  tba  aarpantloa  o^ 


aarlad  aa  a  fonotlcat  of  tba  bam  poalUcn  railatlTO 
to  tba  axla  of  tha  cylUtdar.  in  approodaoto  eoa* 
p^aatlou  oathod  la  iadleaiad  In  Figaro  11.  i 
dSaoialcntl  lunabarg  laoa  la  oaad  la  a  eaatrdl- 
fto^iaioy  pbaaa  ahlft  node  baaed  on  tba  patb-laagth 
foeaolag  charaotarlatlo  of  tba  XanoT. 


Tba  Bora  sonreotlanal  scaaolag  tartod^  ta 
c«Mtant-fra<yiB>C7  operotioa  uaao  farrlto 
ahl/tera  or  sooa  alollar  roltifO-coBtrallad  ea^ 
penent  aa  di  ^  In  ngora  10.  Tha  traaoUag  <»o 
conflguratioi  la  ganaraUy  praferrod  haeaaaa  all 
phaaa  ehlftaio  can  bo  aointalnad  lo  tba  omo  atato 
for  any  glren  boto  pcolllci*.  Tha  aaa  laparhnea 
and  aaplltuda  dlatritaotlcn  probleoa  oxlA  aa  for 
tba  Unaar  froquancy-aean  arrij. 


nu*i  IB.  7sum-c<iaTa;LUS  i*tux3 


Tha  prlnolpla  arooa  of  darelopaaOl  far 
valUga~co>'Ttro'Ued  phase-ihlft  dericca  arc  soUd- 
rUte,  which  Includea  feirltes  and  aadeonAictorB, 
gaa  plasma,  atvl  electroo-bea*  tohea,  F*Trlta 
aygillcatiooa  pred«adnate  at  tha  pa'ejoit  tloa,  bat 
work  Is  under  way  In  the  other  areaa. 


Coidtlnatlona  of  Sy 


for  Two-Woeoatnoal  Array 


All  of  the  exampleo  In  the  prerloea  peraisTepha 
wre  for  cne-di»wmeiooBl  jcannlng,  tnt  It  la  ap- 
forott  that  the  tvo-dioenslcnal  array  that  la  aao- 
ally  ueed  for  peneU-bcao  scanning  can  cooblna 
different  techniques  for  the  two  dif feral  d;- 
rcctlcns  of  bean  notion. 

Almcet  any  two  of  the  rarlouc  antaoo  array 
feed  syettro  can  be  ueed  for  thla  fatpcao.  It  la 
cbrlously  Inpooslble  to  use  etralght  fFe^cney 
scan  in  two  dimenslena.  tart  frequency  ecao  is  coe 
dlnmslcn  can  be  cor.blncd  with  any  ctber  technS^yie. 
1  aysten  radiating  fixed  frequency  Is  generally 
referred  lo  ts  "phase-phase",  and  <ne  oslog  fPo- 
fgiency  scan  Is  called  •ph.iee-freqpency* •  It  Bb«ld 
be  noted  that  the  phase  portion  can  be  ai^cTed  by 
a  ctsilrol  frequency  deelea. 

The  cylindrical  array  representa  a  dUflonlt 
yroblen  for  twiO'd  Inenal  onal  scAimlng  becHae  tha 
fhase  ccrrecticn  of  the  circular  array  wat  ba 
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Conelnalooa 

The  tschniquee  aTtUablt  for  acecKpllehlrg 
rapid  bean  tcanaing  and  steppliv!  vlth  antensia  ar¬ 
rays  hare  beai  outlined  and  discussed  briefly,  end 
■one  recent  derelopsenta  hart  been  presented. 

Since  a  ccannlng  tine  In  the  nlcrcaeeond 
nz^  la  poetulstad,  xoltage-cootroUed  operatloo 
la  required.  Tha  three  basic  opcratltna  era 
avlt'.Mng,  frequency  Tarlatlon,  and  phase  shift. 

Sereral  nult*ple-beao  ccnflguratlona  bare 
been  described,  and  the  baslo  slnglo-besn  syateoa 
lurhlre  frequency  scan  and  electronic  phase 
shifters.  CoDtbiriaticns  of  these  are  possible  for 
obtaining  Toluoe  coeerage  with  a  pencil  bean. 
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1.  gntCPOCTOT 

A  M«  UwodoUt*  hu  jahmt  «ka  ratty  «f 
nMtiMr  obMrratloa  tpltiitn*  ty  **•  ItotMr- 
ele0  Dopa-tuit  of  tto  Ooltt  Matea  Anv  baa- 
-troou  Frertaf  Oreanl  (Q9ABF0)«  Fart  ■roalwra, 
Arltona.  It  la  tba  rBiood  UcA*  t>,a|iailti  (ru) 
Mhleb  oiy  raplaoa  aU  proaont  thagfalttga  for  oa- 
cwata,  loa  lorol  wtat  oboaimtlaaa  WoaM  of 
Ita  opaod  or  oporallan  mod  riAicad  ttyowr  ra- 
qnlraaaota. 

For  nary  yaara  doubla  thaadollta  taorratlona 
cf  a  balloon  Id  fraa  fUcbt  laro  boa*  coasldtod 
Ihi  Boot  Mcorota  and  rallobla  of  oU  agtHortt  of 
dataradoloK  ls«  larral  Vlada.  Potilii  thaodoUta 
oboarratloaa  ara  naad  to  ohaeb  otter  ■athndl  of 
vtod  aaaourawot  and  to  prorlda  taa  kt^  day** 
of  aecerasy  ooadad  tor  cortala  afylltit total,  aoeh 
aa  datoralnatlOB  of  vlod  ecrraetlooo  far  roakot 
nruei.  Tba  raeolta  of  tte  dotela  tteodoUta 
BBthod  ora  food,  bat  tha  coafaitatiaa  wtrk  ra- 
qnlraa  ranf  uac-boura  of  affort.  teaaoo  of  taa 
rapid  and  fraqaaot  varlatlona  of  loo  lorol  vloda 
vltn  tlaa,  it  la  V^cr'  ant  to  cot  tte  tlte  Itoa 
balaaan  the  obaarratlba  and  dalirvy  of  data  to 
a  alnlnw  If  tha  wind  ioforaatloa  la  to  bar#  am 
ralsa.  Spofld  la  alto  aaaaotlal  to  aa^f  nedara 
rdlltary  oporatlona. 

A  naw  ajataa  of  low  loaal  vlod  abaarvatloM 
la  naadnd.  The  old  aaylat,  *llacaaalt7  la  tte 
Mthv  of  Inraotljon*,  la  cartaloly  trva  la  thla 
eaaa,  bacatia  tha  Mod  fa-  a  oev  ajatom  of  naaa- 
tu-lng  lov  laral  vloda  prorytad  tte  aathor  to  coo- 
aldar  tte  poaalhllttf  of  eorbloloc  a  aaw  pnlaad 
ll^ht  ranga-naarorlna  davlct  vlth  a  otaodard 
thaodollta.  It  oaacad  foMlblo  to  ooa  tte  pnlaad 
U(ht  to  oaamra  autonatioalljr  tte  olaot  rthga  to 
a  pilot  htUoon  vhlla  tracUof  It  vltb  tte  thaod- 
oXlta.  T&la  Idaa  raaoltad  io  a  raodraet  lo  Juna 
1957  with  Hotoroia  Eooaareh  loetrpcratod  of 
RlTaralde,  Callforala,  for  tte  fabrlcotloo  af  v 
jrulaad  light  thaodoUta. 

2.  THT.CDOLIIS  TtCaiT  AW  OPBIAnni 

Tte  Unory  of  c^paratloa  la  rvlatlraly  alaplo. 
A  Tary  abort  pvilaa  of  light  la  prodocad  ffoo  a 
apart  lo  tba  ’Bovirca'  and  la  foewaa*  ao  tte  tar- 
gat.  Tha  Ufht  rofloetad  back  trot  tte  targat  la 
plckad  op  by  a  colJtactlng  nlrrer  ood  fecufad  on  a 
photo  call.  Tha  tlna  requlrad  for  tte  light  Vo 
■aria  tha  trip  to  tte  targat  and  book  dotorolaaa 
tba  ranga  (aaa  Fig  1). 

Tte  light  pulaa  la  prodoead  by  tte  dlocharga 
of  a  0.3  irlcrofarad  capacitor  ao  aaa  s  spark  gap 
of  tha  light  lourca  io  tte  optical  tead.  Tha 
apart  axlsta  for  ajijroxlnitaly  0.3  atcrooacoaja. 
Tha  air  botanao  tte  apart  gap  sloctradas  la  aald 
to  ba  haatod  to  100,000  datp-a«a  C.  g  mr  abort 
and  Tory  bright  flaah  of  light  roowila.  Tte 
1  ight  la  ahapad  Into  a  narrov  booo  by  taao  traoo- 
olttar  Elrrora.  Tha  llg)ii  raflaetid  froaj  tha 
ballooo  la  Goliactod  In  tba  aptlnol  hood  by  a 
pari-bollo  Rlrror  vh.*ch  focoaaa  tte  llgAd.  eo  a 
noltlpUar-phototuho  (eao  Fig  2).  Tw  cocoaco- 
tlra  ranging  ara  nonesaarj  for  tte  aaagmtatloo 
of  tte  vlftl  data  by  tte  autofotla  coapvtor.  Tte 
raluot  of  tte  first  raigl/g  ara  sto-ad  aoi  com- 
parad  vlth  tte  valodS  obtalcMd  oa  tte  occood 
ranging  (aaa  Fig  3).  Tte  FIT  aatoraileally  pro- 


doMi  a  ranging  polaa  aaay  1$  oaeoada.  A 
prlntor  aeeapta  tte  balght  aod  Tz  ood  Ty  coopo*- 
anta  trom  tha  soogiatar  aa«  prUAa  ralasa  af 
telgfat  la  foat,  tte  wlad  dkracttta  la  dayaaa, 
and  tte  vlnd  ipaad  In  kaatai  s.g.  U£0,  Uh,  12. 
Tte  mabor  of  flgnraa  la  aaoli  yaw  parvlta  Idook- 
Ifloatloo  irltheat  eoafraloo. 

Tbt  nt,  dallTwrad  by  Makar  ala  la  Ootdbar 
1958,  eooalatod  of  tte  Itaa  Mtoaoi  la  Fig  tu  Aa 
Inrartar  vklcb  ooold  ba  pavarad  by  oa  Any  2aap 
battary  aaa  Includad  bat  vaa  amhaagod  In  s  sbtet 
tins  for  a  taoU  portabla  gaaollng  drlrao  bOO 
cyols  goiMrator.  Thla  otat  gsoaatar  ponalttad 
tha  sara  dagraa  of  pu-tobllliy  and  flold  aaa  vltte 
ont  tha  oaeaaaity  of  raMolng  tte  Jaap  or  track 
onglns  while  eporatlng  tte  tteedoltta.  Thla 
first  pulasd  light  tteodoUia  la  a  prototypa  or 
"braadboard*  aodal  to  tost  tte  foaalblUty  of  tho 
tteory. 

3.  TEST  AW  ETAUUTM 

Taats  conductod  by  IMarala  lodleatad  that 
eornar  raflactura  would  work  oa  tte  baUoona  fer 
raflacttng  light  but  wtfo  too  oapacalwa  for  rag- 
vlar  uaa.  A  glsaa  baad  paint  was  aalsetad  fin¬ 
ally,  which  la  slAlUr  ta  tte  typs  naad  oo  high¬ 
way  tlgna.  Thla  la  aprajod  oa  partly  laflalad 
balloona  uhleh  ara  parodtiad  to  dry  bafora  balBg 
daflatad  and  oavad  notU  naartad.  Tte  aoUra  oat- 
sldo  turfaca  of  tte  ballooc  bacanag  an  axcallaot 
rafloclor  wlUi  a  wary  low  parcaetaga  of  acattor- 
Ing  of  tha  light  boon. 

Taata  conductad  by  tte  Itataarology  Dapartnaat 
on  tha  prototyps  PL7  Inclialad  chaeka  of  rang# 
maturing  acctracy  star  knows  eomsaa.  Fer  axon- 
pla,  a  rai  lailon  of  only  15  faat  voa  fcood  oo  a 
FODO-fool  baatUnn.  Foartoaa  coantratlra  ruoa 
vlth  a  doubla-thaodollta  syrtaa  vara  cooduotad. 
Vlian  tte  wariatlooa  war#  plntUd  it  via  found 
that  tha  avaraga  Tarlatloai  la  wind  apaad  woa  a 
1.6tj  knota,  halght  rorlad  a  22,55  faat  aod  vlnl 
diraetloo  warlod  *  21. k  da^nas.  Hoot  of  tte 
mrlatlon  la  probably  doa  to  bia«aa  arrara  In  oadng 
tte  two  oywtana  of  — — T»y  apayobad  tteodolltoa. 
Eight  tartf  warn  also  coodixtad  wslsg  a  rary  oo- 
cursta  ayatan  of  foor  photo  thaodolltat  for  co»- 
parlaon  of  data.  Tha  aruroga  Tarlotlon  of  tteao 
runs  was  a  10.5  dagraas  la  vUd  dlrscVloo  and 
a  1.5  knoTs  In  wind  tpaad.  Owing  to  dlfflcoltlaa 
To  syiKhronlilog  tte  tlaars  nf  tte  two  aystona, 
height  waa  aaauned  corrwot  and  wo*  wood  oo  a  baaa 
for  plottlog  wind  apoad  and  dlractdeo. 

It  la  ballavad  that  tteoa  coatiarlaoiia  Indl- 
cato  that  tte  PIT  o*a  obtain  vlada  aloft  d«t« 
vlth  aa  accuracy  at  Xaaat  sipial  to  that  obtailDod 
by  doubla-tteodoUia  natheda  wltteal  tha  loss  of 
any  cocputatloo  tlaa,  alnca  a  jvlntad  tapo  la 
|a-oducad  aotonatlcally  aa  tte  run  irograaaaa. 

Tha  ligwrtont  f'jwUhg  of  tte  PIT  toot  ww  that 
tte  Idas  proraO  faaalbla.  Tte  PIT  vaa  uaabla  ia 
alaat  rangat  avaraglng  5n0O  fact.  NjgcIum  rongaa 
of  7000  foot  voro  obtalnad  on  scaia  fUghta. 

Tbaaa  rongaa  ara  tcro  than  adaqoato  for  maegr  crit¬ 
ical  Ariv  naada.  Since  tte  PLT  acosarot  olaot 
ran,  a  It  la  not  oacaaaary  to  valght  tte  ballooas 
<0-  to  aaauan  o  flxod  aaoaoialoe  rata  aa  vlth  nor- 
aad  aUlolo-thoodollto  oboarfwVtooa. 

li.  possiDLs  irpnovaisra 
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IHTJwiit*  peMlbu  la  tbi>  a«zt  or  Mrrloa 
wdU  «U1  Mihaoc*  th*  naabUlt^  af  tb*  tbaodo* 
lit*  M  MtU  aa  Ita  aeetrae/.  TIwm  Inclad*  tiia 
foUailaci 

a.  Xnoraaaa  ot  tba  fraqaatiry  «t  faadaat 
to  paralt  tha  oaa  of  faator  rlalac  halloaaa,  to 
pr^too  Bor«  Inforaatloo  oo  aaall  Tarlatloiia  la 
vlnd,  ao)  to  aroto  ths  loM  of  data  idiaa  tba  bal- 
loea  la  alasod  ^aaloaallj  bj  tha  11(M  polaa, 
aa  happana  vltb  tba  iS'aaeood  raadoot. 

b.  avTOrad  raaolattoa  and  toarafara 
aecisacf  to  a  2  dapraaa  la  alat  dlraetloo. 

c.  Aira  raggad  aad  aaaU^  traaapartabla 
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d.  Frorlaleoa  for  aalf^aoklac  faataM 
tlargag)!  om  of  oartala  loftarad  taohid'fiaa  or  tl» 
aaa  mt  traeklag  balpa  mob  aa  wlabla  rata  artor 

a.  ligronrad  oatbed  of  obtatolng  balloaa 
rariaettrltj. 

5.  CCKVBVM 

AXtboagb  Ho  RT  P*aa  tbroagfa  aoraral 
daralafaaat  aod  toat  atogaa  bafora  It  la  a  fla- 
laltad  jrodaot,  tbaaa  faaalblUtj  taata  ladleito 
tbai  It  vUlI  taka  ita  plaea  la  tba  ovar  groiilBg 
llat  of  aa*  rlaetraeia  aataorodogloal  aqalpaaot. 
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lDtn>digttca 

vith  •  Iom-PRT  p>»Xm  nter 
can  b*  4oac  U  m  sAnl^tfcunwri  Biuaon-  %v  waMr- 
Isf  tbr  roonA  trl#  trmnalt  tin  of  Uw  laratt 
•ebo.  Bitoim  •  lot  FKT  la  utad,  vhi 
pariod  U  sreatar  than  tha  tranalt  ttaa  aid  tha 
ac>n>  nturoo  baPoa*  the  next  pulaa  la  txaaaalttad. 
In  an  alxtarne  polaa  dopplar  ayataa,  hoarwr,  tha 
PKP  aoat  fcoaraUj  ba  conlderablp  hlfhar,  brace 
tbr  Icterpulaa  parted  vlU  ba  ibortar  thaa  tha 
rouul  trip  tlat  of  the  threat  echo.  Tbla  canaaa 
asblgultp  of  ran^  aeMurewot  and  alloal  tha 
threat  to  ba  obaewad  or  acllpaed  by  tha  trana- 
nlttcd  pulaa  at  a  mabar  of  ranfea. 

A  Boluttoo  to  the  problea  la  tha  uaa  of 
aultlple  fined  HVa  (uauaily  tta>  or  three)  thlch 
aja  uaad  aa^[iiratially .  By  obsarvljie  ttaa  taratt 
laterpulaa  poaltloa  in  aacta  of  the  FRPa,  the  true 
target  range  can  be  leduced.  Ibe  accuracy  of  auch 
an  arrangeaent  la  co^arable  to  that  of  a  ^laa 
radar  with  an  i  pel  pulaa  vldth. 

X.  Iba  Auglne  hohlaa 

Tbc  doppler  effect  cauaea  a  ablft  In  the 
frequency  of  radar  echoa  propartional  to  tha 
relntlva  radial  velocity  of  radar  aol  refleetlae 
object.  As  a  lesall,  return  fro*  the  grouad  to 
an  airborne  pulac  doppler  radar  baa  tha  apectna 
showi  In  n^m  1. 
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Tbt  tniwlitri  apcctna  cMtfiita  of  Aiacreia 
•pcctral  llATS  fr«Bt«rcd  ftt  the  trBZJMlttai  rr«« 
qucDcj  Bsd  spaced  at  Multiples  of  the  nV.  Each 
of  these  ytif  Itaes  results  Id  a  clultcr  sahs^ctra 
centered  ahoot  It  as  shovn  in  the  flours.  Since 
different  portiOM  of  the  drouDd  have  dlffhreat 
relatlw  velocities  to  the  radar,  the  clutter  is 
not  discrete  la  frequency,  hut  Is  spresd  out  by 
MU  aaount  of  plao  and  alous  the  radar  pLatrom 
ground  ajeed,  Slace  the  aaln  adiwntags  of  a 
doppler  ladar  la  separatloo  of  targeta  and  clutter 
on  a  fTequeoey  baals,  a  Don-clutter  regloa  ssst  be 
pro<rided  between  adj^eot  clutter  sub-spectra,  of 
width  equal  to  the  aarlaua  target  speed  of 


interaath 

fbs  reqiolrsasBl  tasa  aslata  tfeats 

W  ife  2  fa  ♦  f  a 

"radar  "target 

for  eswtpl**  hi  X-baxtd,  for  aa  ifiOO  knrt  latar- 
ceptor  and  a  IbQO  iBOt  target,  the  ■jnliw 
allowable  Fit/  la  172  JBC,  correspoadlag  to  aa 
Ifitcrpulae  apaclx^  of  under  1/2  alia* 

The  result  la^  of  course,  that  a  raa^ 
aabigulty  results  for  any  tar^t  at  greater  thaa 
1/2  aile  rasige*  aa  ahowa  la  fl^ars  2« 

/7^.2  RANGE  AMBIGUITIES 


fMAHSMlTTCO  SVtSCS 


ECHO  euulES  I  /  • 

TIWC  —a 

T*  P^,  Tg-TWO'WAY  TlVuCrr  TIME  OF  ECHO 
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dlncc  there  la  no  «ay  of  naaoclatlng  tbc  torros- 
poodlDg  trnnaalttad  and  received  puLaea,  vlth  a 
aiogle  FRT,  soar  sort  of  special  coding  aoat  ba 
applied  to  tbc  tranaaltter  to  pcmlt  detcradantlon 
of  unantalguous  range. 

Tbc  Boat  Ijvortant  factora  In  salcctlng  a 
netbod  of  coding  ttae  tmnaalttar  ara  tha  avoidance 
of  spreading  the  clutter  apcctrun,  and  grarratlng 
spurious  signals.  The  coding  for  szanpla,  could 
taka  the  fora  of  carrier  FM,  cootlauously  enrylng 
FKT,  oi  pulsa  Jitter.  Theta  all,  bovever,  cauaa 
nprcadlng  of  the  clutter  doa  to  the  aodulattou. 
Also  to  canes  Meera  ths  TTf  Bust  ba  varlabla, 
spurious  signals  often  srlsa  froa  high  order 
hnrBonlcs  of  ths  PHI'. 

Obviously,  it  Is  highly  desirable  to  nsa 
stable  crystal-coatrolled  oaclUntors  for  FRP 
geocrstloD  to  adnlalxe  these  effccte.  By 
selecting  one  of  scveraLl  fined  voluea  of  mr 
sequentially,  and  dcodenUig  the  receiver  until 
switching  transients  dla  out,  a  ayatea  la  obtained 
with  tha  saac  clatter  rejection  and  spurious  fraa 
pcrromaacc  as  n  single  FRP  ayataa. 

Thera  are  several  other  advantages  to  each  aa 
nrrssgeaeDt,  the  aoat  Inportant  of  vdilch,  to  a 
slngia  target  UacUng  radar,  la  that  a  aethod  of 
tracking  through  an  'eelipaa'  la  perovlded. 
Eclipsing  la  the  obacuratloo  of  the  target  by 
aubecquent  trevnnaltlcd  pulaea,  tdilcb  occurs  idien 
tbc  target  has  a  range  correapooiUr^  to  BUltl,laa 


I 


1 


of  tbe  lAieni^lae  laicnrml.  With  U>c  MCb«iii* 
uMoG  to  W  Aracrlbed,  ftn  Gcllioe  caa  be  aatlei* 
jmtc4«  gbA  Iketev  it  occuri^  Umt  F8F  cu  be 
•vLicbrA  to  ete  of  tbe  other  Available  vaIvma 
which  le  certatA  to  prevent  an  eclipee.  Tfacrefert 
cootloMue  c<lipe«'frec  tracking  la  obtained • 

Tbe  eeciiaj  of  a  oultlpie  11^  ayatca  la 
coararable  to  a  single  PRT  rmdar  vlth  tbe  aaot 
pulae  wlAtb,  aiBc«  tbe  aultlplc  PHFa  oerely 
resolve  tbe  basic  aoblgulty,  wtiile  traching  la 
door  Qo  the  sane  jaslac  basis  aa  a  pulse  radar* 

U.  Two  Hr  Ih^ng 

tbe  prLaei|le«  Involved  In  a  ranglc^ 

aystca  uv*  ibwa  la  Flgura  3. 

FI6S  PHlMCIPtES  OF  TWO-PRF  RANGING 

^  fLiUUUl  J1  JUUUUUUUl 
M>  I  jun-JijLji4a_n_n_a  _a-/LjT_n— 

lLJUlijlJo.JLJUL^ 


allo^blc  value /X-f  depending  00  the  n 
and  the  required  rfaolvable  range*  TlgMO  b  in 
•A  enXargad  view  of  tbe  mAge  gate  pnlnea  in  the 
laedlnte  vlclnltp  of  tbe  target  tnM'rna^ 
colaeidenee 

ffCA  MAXIMUM  ALLOWABLE  PULSE  WlOTH 


AANfiC  AATIi 

rn9t 


IZL-TL 


n 


rt 


•AhC€  fiATCi  r~l 

enF2  - 1  L 


j-L^lrL 


tnuE  hawdE- 


Pnf^ 


® 


t 

pnrt 


I 


PRF,  * 

SUBMULTIPLE  FREOUCHCY  > 
PRF.  PRF, 

*  '  I  *  V  I  i-iO 

•  H  N4*| 

WHEN  H  IS  AN  INTEGCB 


<2)  SOLVING  I 


t  S 


AND 

I 


N(N 


4N  d^lIPWfi 


nccciwCD 
•uLSt  w  no* 


_Jl  Jl_ 


coi**c.oc*iCC  or 
Tnaasw^TTco 


fL_ 


Jl 


coiNcoc«<f  or 

otcftvco 

Fviiii 


1a  this  ajtvea,  Ute  aabk^uous  ran^  to  the  target 
li  fls  tt  to  FHl'  f*o.  I,  and  then  tbe 

aablgso*^  ras,'e  U  re-leUmlocd  In  IRF.  Ro.  2. 

taking  a  tint  conparis^c  of  the  two  anblguoua 
raxgc-Sf  sale  joasible  by  oynchroniaa  of  tbe  PHTSi 
a  coi£ci<^ue  ;ulse  is  obtalrtcd  which  la  a  oeasure 
of  ibe  true  laryr . 

AS  ^:Aa  Is  tbr  figure,  Uie  pRFi  arc  choa«>o 
to  bavr  a  c.eerrt  sub-oultlple  frequency*  If  tbe 
tranaalttcd  ;alav  traisks  are  tben  conpared  In  a 
coincidence  ne^ctor,  the  coon^n  subauItlpXe 
tr^xficj  ia  obtaioed.  llnilarly.  If  a  range 
track  Is  establisLcd  on  th*  target  first  at  one 
iff  mod  tbr^  tie  other,  coai^arlson  of  the  range 
gates  gl-T^  ibe  sane  subaulti(ic  frequency,  but 
shifted  In  tlae.  By  oraaurlng  tbe  tine  delay 
betwees  tie  ton  sets  of  col''>cldpnce  |AiI«ea,  tbe 
true  target  la  obtained* 

tte  relatlotis  betwren  th«  various  paranet^ra 
vhl^  are  r^iaLred  to  obtain  this  desired  ojerh' 
tloD,  will  Aest  be  coosldercd.  The  eomoQ  sub* 
Multiple  frt^jency  is  cboaen  90  thnt  Its  inter* 
pulse  pesiod  Is  equal  to«  or  greater  than,  the 
expected  tar^t  range*  Ibe  alnlmss  value  of  fff 
la  rboaea  as  described  above.  Tbe  ratio  of  tbs 
fUf  to  the  noting  frequency  la  aet  equal  to  an 
InUrger,  9,  by  adjustneot  of  cither  frequency. 

The  aecuiil  Iff  Is  ihen  act  equal  to  (N  *  1)  tiara 
tbe  tancUg  ftvyjeDcy.  Other  values  for  the 
aecood  ff7  are  po&alble  but  thla  value  gives  tbe 
vidrst  nlloaed  pulse  width  and  closest  f-RT  values. 
Tbe  txananlttrl  pulse  width  has  a  luixljsuk 


Clearly,  to  prevent  r.  false  colncidenca  nt  otbaf 
mAges  than  the  true  one,  tbe  pulses  adjacent  to 
the  true  coincidence  nxiat  not  overlap,  na  abmai 
1ft  tbe  figure .  The  reaultlr^^  navlf  pnlae  «^dt4 
la  Seeft  to  be  dependent  on  tbe  mAgC  to  be  re¬ 
solved,  and  on  the  ratios  of  tbe  PRFs  u»  tbe 
ranging  frequency* 

Fran  the  avsAdpolnt  of  obtaining  tbe  mmximm 
yarge  pcrforsance  fxm  the  radar,  a  hlgb  averagn 
trananitted  power  la  desired*  ThX*  In^llra  n 
pulse  width  as  wide  aa  possible  to  prevent  tb# 
requirencfit  for  excessive  peak  power*  Cecnlder, 
as  an  exaaple,  the  aysten  which  requiren  fICPs  in 
excess  of  172  )C,  and  aa^une  ibni  aa  unnnblguoun 
raa^e  of  ^  nllea  is  required.  Tbl*  eormapoods 
to  an  r  of  1*62  BC  and  aa  «  of  m  Ibn 

Mtfiwn  pulse  width  is: 

*^2  •  Ic^.-  107  »  ito>  - 

This  would  require  a  mtber  blih  peak  power 
to  obtnio  aay  reasonable  average  power^  amd  te 
especially  uadeslmble  when  tbe  high  PBF  In  con¬ 
sidered,  since  the  nodulalor  problen  bec«M 
severe.  Tbe  solution  to  this  1II 1  fin  in  ilie  uao 
of  three  or  nore  F?)fs  as  will  be  dlscunned  ncjct* 

HZ*  Three  PRF  Ranging 

fiaalcaZly,  the  use  of  three  FRFa  tbr  ranging 
nay  be  considered  as  tbe  two  PRP  ncthoA  need  tvlen 
Toe  ttuee  PUTS  nay  be  thoxtght  of  as  fcralng  two 
pairs  of  FRfs,  each  ynir  neasurlng  range  to  n 
different  sub-ranglng  frequrocyr*  These  two  sub- 
ranging  frequencies  then  fom,  in  turn,  n  two  TtT 
ranging  systen  which  neasure  range  to  the  final 
ranging  frequeocy* 

l^y  different  possibilities  sxine  la  tbe 
ctK)lce  of  the  integers  used  In  tbe  thiue 
relations.  One  choice  which  leads  to  n  xvln- 
tlvcly  slnpXe  aechanliatlon  will  be  dlsmsstd*  As 
shown  Id  Figure  tbe  equattoB  for  tbe  mi^i^ 
frequency,  f^.  Is 
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/7G;5  three  prf  ranging  equations 

®  SUBMULTIPLE  FREQUENCY  • 

PRFi  PRFf  PRFs 
*0  “  N(N  +1)  *  N(N+27*(N+I)(N+2) 

d)  MAXIMUM  PULSE  WIDTH  » 

■r  .  I _  I 

3  ■  N(N-»-l)(N  +  2)fo“  (N  l-aiPRF, 

d)  LOWEST  COMMON  MULTIPLE  FREQUENCY  • 

f,  -  N(N+rnN+2)fo 


It  !•  fteea  tb*t  tb*  coir«dQ  Kult4.pXc«  f  ^  of 

•11  thm  mm  1*  ' 

-  *  (»  ♦  DC*  .  2) 

Ttw  HITS  sre  •pproxlastely  tlaet  Um 
iwa^lMS  frequency^  io  tba  YBl\je  of  II  1«  rcu^ily 
the  tquara  root  of  thAt  o«ce«a&ry  in  ft  tvo  FRf 
ayitea,  Coop^iaoa  of  th«  «quailOfta  for  pula* 
vldUi  ftl^v  Ukftt  thta  !•  incrT«ft«d  by  Um  ftquftTft 
root  of  tb<  vaiXue  of  R  for  two  PflPi  diOs 

I&  ft  ftftaaer  aiAll^r  lo  that  used  for  tbe  twg 
FRT  tyatcii,  the  ftKjattuii  allow&ble  puiac  vtdtb,^ 
cftA  be  abovti  to  b«  ^ 

^ 3  “  IH  ♦  l)l»  ♦  2)  *  (■  ♦  2) 

With  'Jir«c  HiTs  •od  the  vslws  of  TRT 
(172  KC]  snl  rsnslog  frcquenc;  (1.62  RC}  uscl  In 
tta*  prsvloui  euMple,  R  oov  becoass  10. 


T*  —  ^ 

'■  3  “  10  X  U  s  12  s  1620 


«  .5  nse« 


Thus,  U-o  tlars  the  averse  poser  oskT  be 
obtalMd  using  the  Sane  peak  tranaaitted  power, 
if  threa  mrs  are  used  instead  of  two.  Oeoer- 
•tion  of  the  wider  pulse  by  a  aodulator  is 
coQsidersbly  easier.  These  adTsntages  are 
partially  offset  by  the  fact  that  three  detectiona 
of  the  target  arc  required,  which  baa  lower 
probability  of  succrae  than  the  two  detectioaa 
required  of  a  tvo  PR7  systea,  and  also  oore  tiaa 
it  required. 

IT.  Meebaoisattoo 

A  block  diagraa  of  one  possible  aechani- 
tatloo  of  a  three  FIT  rar.ge  aeasurlcg  tystaa  la 
•bovD  in  Figure  6,  This  rakei  uae  of  tha 
relations  diacuss<^  previously,  since  »il  three 
H<Fs  bnve  a  cocoon  aultlple,  f  ,  dlvldeia  are 
uaed  to  genemts  each  FRF  froii*’a  crystal 
oacllittor  at  f  .  Thua,  all  FRFs  are  auto* 
■atlcally  rh»vsc*^loched .  Any  one  of  tbs  Htfs  can 
bs  used  to  key  the  transaltter  by  usa  of  the  FRF 
•elector. 

All  three  are  fed  contlnuoualy  to  a 


coiBcidnica  cirestft  sMch  provldea  pelaee  at  tha 
ranging  fre^aney,  T  .  TMa  will  ^  oaad  aa  tha 
tlaa  baae  for  liaaklng  ranga,  auch  aa  tha  trans* 
Bitter  FRF  la  oeeC  la  •  pvlae  radar,  la  ordar 
to  ceaerate  range  ^tee  iMeh  can  boss  throuili 
m  tgr  a^ilgnnia  xaa^  Isitervala  to  track  a  target, 
t  la  pot  Into  a  tlaa  anrliilator  which  delaya  tha 
pQlaea  by  a  warlahlc  tlaa,  controlled  either  by 
the  rai«i  eiaep  clrcalt  or  the  tracking  circuit. 

It  eboaUI  he  noted  that  Uw  delayed  pulsea  fVoa 
the  tlaa  andulator  i4ll  aot.  In  general, 
repreacBt  the  tree  leaga  to  the  target.  Theaa 
pulaaa  are  neat  aaltlfdled  in  frequency  by 
■  (■  s  !)(■  *  2)  to  obtain  f  .  Fulaca  at  thin 
frequency  arc  thea  dlelded  down  to  the  TRFs  In 
the  aaae  aannar  that  tha  tranaaltted  FRFa  axe 
genermted.  Again,  the  outputa  arc  put  Into  a 
coincidence  circuit  iMch  prorldee  pulaca  at 
the  ranging  frequeney,  shlch,  after  range  aeaeure* 
aeot,  arc  delayed  by  tha  true  range  froa  the 
coincidence  of  the  taaaaaltter  pulsee.  The  two 
acta  of  pulaea  arc  need  to  generate  a  woltaga 
proportional  to  range  In  the  Range  Meaiurlng 
circuit.  Th  outpata  of  t)M  dlvldsre  go  to 
another  FRF  eelcctor  which  le  tyncbronlsed  to 
the  flrat,  to  apply  mage  gates  to  the  receiver. 

The  actual  aeaaareaent  of  range  occurs  as 
follows.  1*  tranaaltted  and  the  range  gstea 

are  aearched  By  aeana  of  the  range  eweep  and  tlaa 
aodulator.  Upon  deteeiloo  of  tbc  target,  tha 
range  aweep  la  ctoppad  and  the  tine  aodulator 
aalntalno  Ita  delay.  IKFj  tranaaltted  and 

the  range  gatee  agala  aeafebed,  Thie  acarcb  la 
done  by  the  range  atep  circuit.  By  oalttlng  ona 
pulae  to  PRFp  dlwldcr  the  range  gatee  are  eauaed 
to  Jwv  an  intcrwal  which  is  the  reciprocal  of 
f  .  Thua,  the  Interpalaa  loterval  nay  be 
•earcbed  by  contlnalng  to  calt  pulsee  at  the 
declred  atep  rata.  I%ioo  detection  of  the  target, 
this  procedure  la  atopyed,  thua  leaving  tbs 
counter  at  the  proper  phase  to  position  FRF. 
range  gates  over  the  target.  The  sane  procedure 
la  used  Is  FRF,  to  obtain  the  third  sablguoun 
range  araatu'carat .  Mt  this  tlae,  since  all 
range  gates  line  np  with  the  target,  the  true 
range  la  aeaaured  and  la  symllable  aa  a  voltage 
aa  prcvloualy  dlseaaaed. 

By  Bovlng  tbc  mnae  gate  back  and  forth 
•croaa  tha  target  a  aaall  mount,  called 
Jittering,  an  error  signal  aay  ba  developed,  Tliln 
la  uaed  to  hove  the  Uae  aodulator  output  pulsea 
In  auch  a  vsy  aa  to  center  tbe  gatee  00  the 
target  to  provide  ecatliaious  trackli^. 

Aa  ecllpee  detector  circuit  coaparee  tbe 
transaltter  pulsee  with  the  range  gales  to 
deteminr  vheu  they  are  about  to  bccoae 
coincident,  or  ecllpar.  The  FRF  le  Uieo  avltcbsd 
to  one  of  the  other  t«>  valuee  available,  thus 
aaiotaining  contlaaDaa  tracking. 


•  • 
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FI6.6  THREE  PRF  RANGE  MEASURING  CIRCUITS 


RECCKT  ACHOrVEMEHTS  IK  MISSTUEBQIINE  MAOKETIC  RECOWCM 
Bgr:  Mr.  Marli  M.  Slera.  Lockheed  Mlulka  ad  tpece  OlvUka 


REQUIREMENTS  FOR  MlSSILEBORffE  MAGNETIC 
RECCRDERS 

The  most  ImporteBt  differeecee  between 
neUc  recordOi'e  in  other  Indoetrice  acd  thuee  for 
use  In  airborne  vehicles  are  in  weight,  site,  and 
power  requtremcnU-  For  alrhotrae  veMcleSt  all  these 
factors  should  be  u  low  as  possible  -  but  the  data 
storage  capsbUlly  must  be  as  greM  ar  possible.  These 
requirements  are  not  ver^  compatible.  Furthermore, 
as  a  generalization.  cnvlroomefiUJ  apcclficalions  call 
operation  of  missllcbome  magacUc  recortlem  tnaa 
ambient  temperature  range  of  *30*  to  ♦300*F;  espe- 
aure  to  shocks  up  to  100  g;  high  accrieratloo;  and 
vibration  at  frequenciea  of  5  cycles  to  3  kc  w*th  peak 
deviations  equivalent  to  20  g  or  more  at  lQ0-perce«t 
humidity,  and  of  course,  from  aocmal  pressure  of 
760  mm  to  lO'^mm  or  almost  afasolMs  vacuum,  ta 
addition,  the  recorders  should  have  minimum  flutter. 
i>o  amplitude  variations,  high  liacarHy,  and  a  signal* 
to^nolse  ratio  of  35  db  or  better.  nw  word  fiolsc  la 
the  term  slgnaJ  •to-nolsc  ralio  rcirra  to  an>  thing  th^ 
I.  not  dotAL  it  includes,  then,  natter  and  now.  ampli¬ 
tude  deviations,  dropouts,  rie.  For  mimplr.  a 
stgnal-to-nolse  ratio  of  10  db  mewa  tbsl  ^1  the  Inac¬ 
curacies  combined  shuuid  never  racerti  1  perceot. 

M  db,  2  percent,  etc.) 


KEC£NT  Dl.Vtll  OPMF.NTS  IN  MiSSlU: HORNE 
RECORUF.RS 

The  Luikhccd  mlssllcburnc  recorder  AMR-SM. 
which  wxs  dcvclupcd  la  ISStl,  Is  sb-ara  la  Fid-  1-  Thia 


Flj  1  lyockbecd  Missile  System  Division's  AMR-lOH 
(Courtesy  ol  LMSD| 


Ecerrpts  o(  this  pai«r  were  prevloualy  presented  ta 
the  LfdSD  Seminar,  24  SepCentber  1.S9,  and  the  Coo- 
ventlon  o(  the  AFil,  8  Mai^  19M. 


unit  orul^i  •  lb.  baa  a  *«hUM  o(  tSS  ea  la. ,  and  eaa 
Mora  S  aillUiiB  btta  of  lafomatlao  oa  taro  rccontad 
traeka.  hataad  of  lha  eenvantlnnal  two-raal  cooflgir 
ratlMi,  SB  enRaaa  loop  tape  mafaxiae  (la  ceflier  <4 
Fl(.  1)  ia  aa«d.  Up  to  4S8  It  of  tape  ota  bs  cooulnad 
betaraea  tbe  taro  Cbive  plates,  tha  upper  at  which  Is^ 
visible  la  ibe  Ulastratloa.  As  con  ba  seaa,  tbaaa  ■ 
pislea  bate  a  bdlcal  ladeatatlon  which  allows  tha  tape 
towllp  toward  Ibe  caster  la  order  to  go  (ran  (he  speed 
al  lha  outsida  at  the  cndieBa  loop  to  thjd  oa  the  Inoida. 
The  two  pistes  ore  drives  hjr  a  pulley  whearver  the 
rubber  Mer  la  cacafcd  to  H.  The  tape  ie  takes  off  M 
an  aagttlar  pom.  gahled  over  elevated  raJlera,  Ihaa 
turned  Into  an  sttHwde  parallel  to  tlut  ol  tbe  beada,  and 
brought  oul  paat  Ibe  in^  guide  roller,  past  tbe  erase 
and  record/reprahKa  head.  Driven  by  a  high  pre- 
daioa  capaUa,  It  then  peases  the  output  roller  and 
goes  bach  lato  the  roagaalne  and  lata  tha  oidalde  layer 
al  the  eadleea  loop. 

Mora  racaotly  the  Jet  Propultloo  Laboratory  de¬ 
veloped  the  smallest  video  recorder  tbe  wdhnr  baa 
seen  (Fig.  Z).  The  diameter  ol  the  base  plate  la 


Fig.  Z  Jet  Frvpidslon  Laboratory's  VltSeo  Recorder 
(Courtesy  of  JPL) 

7-1/1  la. ,  and  the  total  welgM  la  less  Ihm  1-1/2  lb. 

Its  p>wvcr  conaamptioB  In  the  reproduce  mode  la  In  the 
ncigSborbood  ol  190  mw.  The  term  video  recorder 
usually  suggests  baadwldths  op  to  several  megacycles; 
howt-ver.  the  JPL  recorder,  can  record  ami  reproduce 
still  pliiurca  only.  Reproduction  of  the  still  pictures 
Is  done  by  superlmposl^  one  still  picture  sRer  tha 
other,  each  with  very  low  derinltioD  because  of  ea- 
trcmcly  low  frrqamcy  response.  The  bandwidth  during 
recording  Is  only  19  cycles  to  10  he,  while  the  repro- 
ductioo  takes  place  it  a  much  slower  speed,  having  a 
bandwidth  ol  9.01  cycles  to  10  cycles  only.  By 
very  accurate  control  and  high  accorscy  and  pre¬ 
cision  ol  the  mecbaaicaJ  components,  the  original 
bofxlwidtbs  caa  be  restored  by  reproducing  lower  band¬ 
width  signals.  SO  or  100  times,  and  then  DansoUUIng 
these  signals  and  superimposing  these  data  to  receive, 
finidly,  a  picture  as  shown  In  Fig.  2  This  rigure, 


FIr.  3  Lunar  Crater  hi  Jcl  Pntpulslto 

Lah»,»raliir>  '*  Vlili-o  Recorder  (C t»urto*y  of  JPL| 


shtmint;  a:  Iuojt  crater,  mab  r<'c««istrucicd  S# 

ie^r«Mlucc'  cvcicb  t‘.nd  aO  Y ranbii)ii»>itjnft. 

tn  the  course  «iC  th«  £tu<lict  h\  the  Jet  Pr<i|»ul«M« 
Laborrxlorv  ,  many  syatvrnft  w>c'c  evajuatvd.  aodmao^* 
approaches  arc  continuiMisIt  investigated  (or  um  la 
missile  recorders.  One  <4  these  is  a  flux  responsive 
s>st  m,  the  reproduce  head  of  ^h'ch  ts  (Uustraied  km 
Fig.  4-  This  Head  Is  built  in  a  l>rii^e  coofitfuraUssi; 


ctcitMis  cumsirr 
ifscouocvn 


riC-  4  Flux  Responsive  Reproduce  Head 


as  the  tape  containing  the  signal  passes  the  gap.  It  mm^ 
ifalanccs  the  cquilihrium  of  the  bridge  (a  process  de-' 
scribed  years  ago  by  Otto  Kornci  of  IDM)-  The  heed 
is  constructed  In  such  a  way  that  on  cKclting  curi  esd 
of  the  frequency  F  is  tivlucod  into  the  exciter  windii'g 
on  tuo  arms  of  the  bridge,  u-hlle  a  signal  winding  ts 
wound  onto  the  other  two  arms  of  the  bridge.  Asjr 


field  thai  Is  present  st  the  gap  will  thee  mod* 
elste  the  second  harmonic  of  the  exciting  cnrrenl  or 
eerricr.  which  esn  then  be  demodulated  and  emplined 
ee  tkat  tha  dale  cai«  be  used.  Such  a  heed  has  a  par* 
tieelar  adventage  for  the  reprodurtlon  of  Information 
stored  la  mlaslle  recorders;  the  old  Faraday  formula 
C  ^  Nfdp/dT)  which  describes  the  dependence  of  the 
fsprertaced  voltage  from  the  rate  of  flux  change  does 
•at  eater  Into  thia  (lux  respo.ialire  nselhod  at  all .  which 
aacaM  that  the  speed  at  which  the  recorded  tape  paaaag 
the  gap  la  of  little  or  no  Importance  and  reproduction 
af  recorded  data  la  poaalblc  even  while  the  tape  la 
alattoaao*  over  the  head.  Thia  feature  la.  of  course, 
very  attractive  la  procusaoa  where  the  sire  of  the  unit 
sod  eapcclaliy  the  length  of  the  tape  are  limited. 

Ihi*e  Utan  20  years  ago  a  rotating  magY>etlc  head 
was  iavented  In  Paris  This  magnetic  head  is  etUl 
•sed  by  S4‘vcral  manufacturers  of  tclcvialon  recorders 
faecmise  It  permits  using  a  maxinum  amount  of  mag* 
oeilaable  tape  ai  very  low  tape  apeetU;  use  of  a  fast* 
roCxtlag  hc^  results  In  a  high  rule  of  change  in  flux, 
which  cMiaca  a  high  packing  Uc'naity  frequency 
respoose.  A  development  of  the  Armour  Ro»«:irch 
Fnuadjtloa  is  depicted  In  Fig.  S.  On  a  i omrocA  pole 


Fig.  5  Common  Pole  Record  Head 


hewlis  a  common  pole  piece  (No.  1),  onto  which  the 
cofotnon  pole  sigr.sl  winding  (No.  S>  is  wound,  gene¬ 
rated  from  11 the  setive  gap  are  many  af .  gU-trach 
pole  pieces  (Ho.  Z),  which  in  turn  carr?  Individual 
hias  windings  while  being  mDgneilcaJly  rvnnec^e^  to 
the  common  siole  piece  c»c  nvvit  (i''^.  3}-  This  stem 
la  designed  to  make  use  cf  ih*  (.^ci  tkal  AC  bias  tnovs^j 
the  recorded  data  up  and  duwn  on  ttie  by  i^tciesls  loo^ 
an  effect  lh;d  is  used  tn  direct  recording  in  ordev  to 
loervase  the  lircurUy  (i  c.  .  to  lemo^c  the  ^ecnrvled 
lolormation  from  vi  <*  curvi*d  or  iNv  l•yslc''e8Ia 
loop  ifdo  its  linear  regiony.  Dep*:nd..ig  upoa  the  ^  'Mai'* 
hie  limtloilon  of  the  minim' m  recorOev  dais  and 
the  Ofccsaary  signal'  lo-nouv  '■allu.  wnc  cm  >  ex-f- 
geraUoo  react  :^e  con  lusion  ihj*  there  is  r. -reC'^rd^ 
lag  wit/iiAg  bias  an^  vlf  v  ts,''.  T)aa  com.Ton  pol; 
recording  head  run  then  be  ubrd  will,  a  *  r*u)t  s.m  lay 
W  tha*  uchitr^ed  witn  «f.e  i  n4  .t«f(g  herd  if  n  cigo:l  lA 
cootlw'ouwly  presom  c  .  ti<e  c>:mn>w.i  slgrxl 


^2 


wlndli^  while  the  bla  i>  switched  (rom  one  slnfle- 
track  pole  piece  to  ti>e  oAer;  therefore,  durlnf  refe- 
tlrely  alow  aihanee  of  the  tape  acroaa  the  (ap.  only 
small  areas  of  the  tape  wiU  be  recorded,  dependlsc 
open  the  physical  dimewsUsk  of  the  bias  track  and  tlie 
fast  rate  of  bios  swMckiac.  Development  of  this  hestd 
may  lead  to  very  Interesting  appllcatluos. 


A  magnetic  recorder  for  the  first  manned  satel¬ 
lite,  Mercury',  was  decelaprd  by  the  Consolidated 
Electrody  namics  Corporallae.  (Sec  Fig.  (.)  This 


rig.  6  SatclUie  Recorder  5-721  Developed  by  ComoI' 
ida(ed  ElectrodvvAmics  Corporatloa't  Data 
lab  (Coartesv  ^CEC) 


recorder  docs  rK>t  r«pn]d>»ce;  since  the  cnan  mvist  be 
recovered,  the  rccorde;  uitl  bv  recovered  also,  apd 
the  data  will  be  reprodoced  after  recovcr>\  This  re« 
cordcr  is  intended  to  record  physloloflcal  and  aero- 
medical  rcartiocis  ol  tfte  man  in  spM'v,  as  %clt 
envlronmcmal  condiitoos,  temperature spressure* 
accelerations,  and  ab<ich  during  a  maximum  period  of 
8  hours,  tne  recorder  Has  a  tape  speed  of  l*7/t 
In.  /sec  with  a  flutter  and  v  iw  in  the  neighborhood  of 
I'percenl  peak  to  peak  from  dc  to  500  c)  cles.  There 
arc  7  tracks  on  l/Z-ia.  tape,  carried  on  10>l/2'4a. 
reds.  The  reels  ihcoasclves  and  all  the  compooeols 
and  mounting  surfaces  (Ihe  light-colored  parts  lo  tbc 
Ogurc)  are  of  magnesium  allc^  ,  which  accounta  for  a 
toiaJ  weight  of  less  thaa  12  lb.  The  total  power  re¬ 
quirement  Is  appra\iciiatcl>  12  w.  A  view  of  the 
packaging  of  the  dectrooic  components  is  sbewo  la 
Fig.  7.  The  site  of  tbc  whole  recorder  is  1 3  by  13bjr 
2-5/8  in.  Its  frequeocy  response  Is  In  the  audio rao^. 

Figure  S  shows  a  derdopment  of  the  Cook  Elec¬ 
tric  Company  of  Chicago.  This  recorder,  model 
DR  2$>2|  was  dcvclc^scd  for  the  re-entry  phase  of  as 
ICBM  nose-cone  fligM*  U  is  7  in.  lor^.  has  a  r^'am- 
eter  of  S.  24  in. ,  and  weighs  less  than  7  lb.  This  imil 
also  records  only;  the  data  will  be  reproduced  wbenH 
is  recovered.  The  recorder  contains  000  ft  of 
tape  and  can  record  continuously  for  4  min  on  two 
tracks  at  45  in.  /sec.  Its  Gutter  and  wow  specillee 
less  than  1  percent  rms  from  dc  to  200  cycles,  and  Its 
frequency  response  is  *3db  from  1  k«'  lo  no  kc. 


Fig.  7  CEC  Dati  lab’s  Saidlite  Rrct>rdcr  S-271  With 
Flcctrontca  and  Drive  System  Exposed  (Cour¬ 
tesy  of  CEC) 


Fig.  8  Cook  Electric  Company's  ICBM  Recorder 
DR  25-2  (Courtesy  of  Cook  Electric  Co.) 

Another  development  by  the  Cook  Electric  Com- 
pan/  Is  the  iniiilaiure  airborne  record/reprodacc 
system.  DR  24-2.  shoui)  in  Fig.  9.  The  rear  of  the 
recorder  Is  pictured  In  order  to  Indicate  thatmagnetlc 
heads  can  be  used  for  various  purposes;  in  this  case 
they  are  ustd  for  speed  control.  The  recorder  meas¬ 
ures  8  b>  6  by  7  in.  and  weighs  11  lb.  It  contains  7S 
ft  of  1/2-In.  -wide  tape,  which  Is  run  at.  40  in. /sec. 
Power  consumpiton  is  less  than  85  w.  The  unit  has 
four  tricks  with  a  response  of  ±1  db  from  800  cycles 
SO  kc.  and  a  wow  and  flutter  of  0.4  percent  rms 
from  0  to  300  cycles. 

Figure  10  shows  a  pioduct  of  ibr  leach  Corpo¬ 
ration  -  B  recorder  without  playback  facilities  -  which 


hi 


Tig.  9 


Cook  Electric  Company's  AIrboioc  Miniature 
Recorder  DR  24*?  (Rear  Vlr\*)  (Courtesy  o( 
Cook  Electric  Co.) 
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Fig.  10  Leick's  Missile  Recorder  MTR-362  (Cour- 
Us;'  ot  Leach  Corp,) 


Is  oow  In  production.  The  unit  is  produced  with  up  to 
14  channels  of  analog  or  digital  rccordUig  capability. 
Most  applications,  however,  use  a  carrier  erase  svS'' 
tern  whereby  a  lOOO-.’yclc  signal  1$  prerecorded  onto 
the  tape,  and  (he  record  heads  arc  <Urcc(>y  connected 
to  the  transducers  so  that  data  fre<|Uencies  (mm  0  to 
250  cycles  erase  the  prcrrco“«lcd  frequency  at  the 
mte  of  the  rr.easured  data. 


Another  interesting  mlsslleh'jrnc  recorder  is 
the  Leach  Miidcl  MTR-12flJ.  shtiwn  In  Fig  11.  This 
recorder  can  store  up  to  6'>0  ft  of  tape  and  operates  at 
60  in. /sec.  It  is  used  for  recording  standard  IRIG 
FM/FM  channels.  Exact  information  on  cjpubilttics . 
physical  size,  and  power  rcuiiircmcnts  ^>as  not  avail* 
able. 


Fig  n  Leach's  Missile  Recorder  MTR-1200  (Coiir. 
ic'sy  of  Leach  Corp.) 


The  cNivmuJ  configuration  of  the  Model  002>-l 
recorder  priduci-*!  by  the  Spcidcl  Corporation, 
Providence.  H.  I..  is  shown  In  Fig.  12.  Its 


P  • 


Fig.  12  Speidel's  Missile  Recorder  003  3  (Courtesy 

of  Speldel  Corp. ) 


dimensions  are  3  by  0  by  6-1/2  in.  .  a.:d  It  weighs 
10-1/2  lb.  Figurr  13  shows  the  arrangement  of  Its 
components.  The  tape  speed  is  vsrl&ble,  from  58  to 
6C  In.  /see.  At  its  normal  working  speed  of  *j0  In.  /see. , 
the  unit  rccoids  and  plays  back  FM/FM  data  in  the 
r.'in;;c  of  1  ic  100  kc.  Wow  and  flutter  is  1  percent  rms 
from  tic  to  5  kc.  The  total  power  requirement  is 
approximately  56  w.  The  transport  system  and  end* 
less  tape  Iwp  nia,£azinc  used  in  the  unit  arc  shown  In 
Fig  H;  this  t.hole  section  Is  normally  covered  by  n 
presMirc  cover  which  seals  the  unit  in  order  to  retain 
a  liquid  in  which  the  endless  tape  loop  operates.  II  Is 
obvifius  that  the  pre.scnce  of  this  liquid  reduces  the 
high-frequency  response  because  of  (1)  separation  of 
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Fig.  13  ElearonicsuISpcMd's  MIsulle  reorder  Fif.  IS  LS!SD*t  S«t»rite  Recorder  AUR*104  fCoor* 

003-3  (Coime&>  ofSpridri  Corp.)  icftjr  o(  UtfU) 


Fig.  14  Urlvc  S>f<cm  And  Eotflen  Lpcp  M^ciine  oC 
SpeideJ*!  Mlislk  Rcrordci  OOO-v  (Courlety 
gf  Sp«ldcl  Corp.) 

thr  tape  from  the  record  sod  (1)  playback  gap.  The 
manufacturer  hat  red\K:<^  tMt  effect  somewhat  by 
notching  the  playback  bead  s«  tbai  lubricant  particles 
are  wlpid  off  Just  before  the  tape  reaches  the  playback 
gap.  henvever.  this  increases  the  contour  effect  to  such 
an  extent  that  the  low-trc«|»eacy  response  Is 
and  the  minimum  reproducible  frequency  is  1  kc.  On 
the  other  hand,  remarkable  gala*  arc  achieved  by  use 
of  the  liquid,  which  mjS  only  lobrkales  but  d.im|.enc 
high  shock  effects.  pcrmiltUie  the  recorder  to  bt  used 
under  extreme  envirunmculal  ccadltloAf. 

A  recent  dcvelopmerd  of  the  luxikiiccd  MIsiMes 
and  Space  DlviBirjn.  the  alfberae  msgnctlc  recorder 
AMH-JOt.  Is  shown  Is  Fig.  IS.  The  unit  haa  a  volum? 
of  less  than  273  cv  is.  and  weighs  spproxtmsti'.ly  10  lb. 
it  Is  hermetically  vi^led  vji  fslflJls  all  the  rugged 
requirements  specified  prwtoasly.  Figure  26  shows 


rig<  16  LMSl/s  Salcllite  Recorder  AMB-lt^  With 
Cover  Removed  fCouilcsy'  of  LMS[)) 


the  unit  with  the  top  and  magsilnc  covers  removed.  Is 
the  foregri^und  are  the  higli-preclslon  compooesitB.  Aft 
the  front  Is  th<  erase  head,  the  rollers  of  which  belodg 
to  a  closed-loop  configuration  (os  In  precltlo*  ground 
recorders).  U  Is  s.'en  that  Ihe  tape  goes  from  Ibel^HR 
roller  to  the  capotos.  passes  the  record  head,  goes 
over  the  U'waround  Idler  a.*>d  Ihe  reproduce  he;^,  4^ 
turns  lo  the  capstsu,  tnd  tj  i  n  goes  to  the  outp^  t-oUet 
and  mogszirie.  ITm  magazine  contains  up  to  800  ft  of 
tape  In  an  endless  loop  and  is  very  elndlor  to  the  unit 
shown  in  Fig.  1.  The  Lockheed  unit  Is  c  op  obi  o  of 
recording  3  hours  vi  data  cortln'-ously  nrvd  reproduclag 
the  data  wUhln  5  mla.  The  record-t>-playback  ape&d 
rsMo  Is  1;3C.  the  record  speed  Is  0.8  in. /sec*  sKt  Ikis 
reprudute  soecd  l3  30  Ir.  /sec. 

Figure  17  shows  thr  In'idv?  of  the  rrcMt^-T 
AMR-104.  The  mo^or  is  H-phasc,  4U0-cycle.  nli^gie- 
sitred.  with  n  i.perlal  f.wc-clutcb  arrangement  toproftecs 
ibc  *b:l  s;>Cvsl  tvvlo.  There  r.fp  Iwc  dlf!Tereat  trom 


U  at  he  while  the  record  end  rcprodocc  ipeed  la  oalp 
M  ta./aee.  The  method  of  achlevlnp  this  Ueb  rej|ioeaa 
erlU  be  dltcloeed  la  the  near  fntara. 


Fig.  17  Bottom  View  cl  LUSIFa  SatcUtU  Kecerder 
AUR-104  (CouTlear  of  LhQO) 


gear  conflgurmUona  oo  the  clutcbea.  white  oee  dutch  la 
allpplftf ,  the  other  clutch  la  driving  la  the  other  dlrec> 
tlon.  ao  that  the  hlgh-apeed  ratio  la  proda^ed  almply 
by  chuiging  the  phaae  aequcncc  to  the  motor,  uaif^two 
relay  contacta.  The  lower  part  al  the  llgvc  ahuai  the 
paefcaglag  of  the  dectronic  componeau  on  (oorprlMed 
circuit  boarda  which  include  the  necenaary  electrueica 
for  two  tracks  and  all  the  relays  for  the  cootrol  (oac* 
tlont.  The  package  contalna,  for  each  track,  aa  All 
modiildor,  a  record  amjillfter,  a  bias  oacUlalor,  a 
playback  ampliner,  and  an  AM  dcmodBlator.  Tbeuolt 
can  record  data  from  dc  through  12S0  cyctea;  the  high* 
eel  reproduce  frequency  at  JO  in. /sec  la  T2  kc.  Total 
flutter  and  wow  ol  the  unit  Is  less  Ihaa  1/4  percent  rir,a 
fl  ora  dc  to  1  kc.  and  the  algnal'to-aolae  raUe  is  better 
than  JJ  db. 

Another  Lockheed  unit,  the  AMA-ISg.  la  SIIB 
being  developed.  A  square  wave  reproduced  oe  this 
unit  la  abown  In  Fig.  IS.  The  frequency  of  this  wave 


Fig.  IS  2S0-kc  Square  Wave.  Recorded  and  Hr  pro* 

due  ed  cc  ijlSOSateUlU  Recorder  AKR-IPS  at  V 
Tape  Speed  of  901a. /sec.  (Conrioey  ol  LtflI5 


FIGURE  OF  MERIT  CALCULATIOW  FOI  HBBIU- 
BCmNE  MAGNETIC  RECOROERS 

This  aectlon  deacrlbm  a  fignm  of  merit  ealeala- 
Uoa  which  la  advantageous  foi'  miaalleboma  magnalle 
recorders  but  could  also  be  u^ed  for  uUier  rwoordars. 
As  In  any  llgure  of  merit  calciilatloa,  Ihe  aocairacy  Is 
not  very  high,  end  nul  all  parameters  which  mIgMhavn 
to  be  considered  are  loUtxkiced.  The  calculatlca  Ic  a« 
ioUoara: 

C  «  I  nform  all  at  storage  irapndily  U  htta 
>  record  bandiAdth  la  cps 

T|^  •  .t-co,'  d  Ume  In  aeoonda 

N.J  •  ruinbcr  of  parallal  trndui 

S/M  >  rma  aigsal  to  ootae  rmio  la  db 

Shanoon'a  (ormiJi  tor  Information  capadltf : 

C  •  Tj^  loTj  [l  ♦  b4U 

St 'Icily  speaking,  Si'uuinon'a  fornrola  appliss 
khcrc  h  has  gauaslu  atatlMlcsi  It  aiuomea  aomaa^at 
(faffereni  forma  for  other  types  oif  odse.  However,  If 
S/N  la  m'.  rh  grcnier  than  unl^  -  aa  la  uaoaUy  the  east  - 
all  the  forma  can  be  wrliien  approximately  aa  foUown: 


C  SI  »  Bg  T^  N.^ 

-  d.S4  B^  T„  N.^  logj^fS/N) 


The  following  physical  characterlsUcs  are  new  latro* 
daced: 

V  ”  volume  In  Iscb* 

W  •  weight  la  b 

P  •  power  in  watts 


The  tlgura  of  merit  Is  Iheo; 


C 

VWP 


3VWP 


This  Is,  of  course,  as  arbitrary  aa  the  figures  of  marM 
oe  vacuum  lubes  and  lra.isUtors ,  but  It  might  aervs  as 
a  tool  for  making  a  ro^^;h  •xunpaiiavn  of  recorders,  as 
long  as  Cm  u',?t  does  not  Inrge'  U.  at  mmy  crUeriabsee 
to  be  InlrocAKef  or  nrgi  cted  ,  de(>i  odivg  apoai  the  lal  / 
<<o  r  ol  u.e  rec'>  rdexa. 


Table  1  gives  u  ccnirarlnoo  of  lbs  flgursa  ofaserH 
for  aoma  of  the  mlasMe  reoorderr  described.  The  rw- 
certU-re  compared  arv?  Uioso  wb'.ch  record  only  -  those 
(hul  ‘.u.'inot  fulfill  any  ylayliuck  fmcflon,  Evee  a  Cae- 
tisllril.'y  higl’  Rgurr  of  merit  metnc  I'.dle  If  a  ptaybeeb 
unit  ks  .r  iled  also. 


T  able  2  gtiea  a  c.xnojrlKoa  of  figures  of  marlt 
lot  .’nlaal.e  recorders  vhlrh  do  fulfill  reprcduce  fmm 
ll.w.e.  >t  If  jeen  that  lla\  l.-H'kheed  models  AMR-iaf: 
fbioigh  AMH'IOd  have  increasing  figures  of  oierH, 
rnildcling  Um  advancement  of  Iba  "etaU  of  Uta  art.* 
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MBStLC  RECORmS/RCPSOOUCrRS 


IhenBora,  alM»  and  cooUac  ura  n«ar»ii>lag  ta 

Um  iiroccsa,  dUac«ttl«s  wUl  arla«  U  aiabtaat 

Umperaturea  teacrf  aarroa  narftaa.  Tbapoaaroa" 
sampuoa  pretHclad  tae  aliborna  raoordan  la  Cka 
nelckboritood  of  SM  w  acama  ratlier  optlMlilUl  la  Ika 
llabt  o(  tfaa  kaavy  taqaireowau  on  tha  uae  of  RT  baat* 
era,  crMlara.  vaaaaa  punpa,  aad  asaocMad  ala.teoala 
and  laacliaalcal  maliwnl.  It  doei  not  aaaa  raaaoa* 
aide  to  expect  pnetica)  producUoa  units  to  baoaaaa 
aaall^e  duriac  Rdn  dneida. 
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THERMOPLASTIC  RECOBDERS 

It  a^wais  that  ftia i  ■apl ssHi;  raoordlog,  which  Is 
beliE  developed  fey  GannrsI  Electric.  wUI  have  a  future 
la  data  storfgc  appllcatl^m  where  cUkcr  vary  high  data 
storage  capacity  la  rssntid  or  fretpieaclea  above  tha 
video  rsiRe  have  to  ba  aleawd.  Since  the  process  ra- 
tpdrea  a  very  sell  rtsitrrBad  vseama  aad  extremaly 
high  mechanical  aad  optleal  accaracy.  M  might  oot  ba 
applicable  skere  weigM.  vnlam  i  ,  and  poarar  are  factors 
of  prime  conelderation.  or  nhere  elUber  limited  stor¬ 
age  or  fiorjencles  tudoa  Be  S-aac  nags  are  anedsd. 

Signal -tn-ixdas  rktaa  oa  the  order  of  24  db  seam 
to  ba  opumal  and  depend  «n  the  phyaled  reduction  of 
the  light  SOU' CCS  aacd.  Ideally ,  iheae  should  ba  rs- 
kicnd  to  an  laflnlltalimMlj  awiall  spot  la  order  to 
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crrscTS  or  atmosphsric  pollutants  on  elbctaonic  muiPMEifT 

(UNCIASSOTUI 


H«rb«rt  C.  )4cK«*«  llw^^r 

lodnstri&l  PoliutloA  Mod  Ajmtytic«l  SMMrcIi 
5oulhwc«t  R«*ttarcli  iMlltufca 
S*a  AaIoaIo.  T«sa« 


INTRODUCTION 

CorrosioQ  and  other  detcrieralioo  ot  vxUli- 
tary  equipmeot  cauece  acrioMe  operaltonat  diffl* 
cultiea  aa  veil  aa  c  jooom'*:  loaa.  In  order  to 
atudy  aome  of  the  umiaual  problem#  which  ariae* 
the  Office  of  Ordnance  Rcaearch  haa  beea  coo* 
ducting  work  to  determine  the  method#  by  which 
theae  varioua  problem#  arlae.  Such  atudica  pro** 
vide  data  to  aerve  aa  a  baaia  for  corrective  ac« 
tioQ  to  increaac  the  reliability  of  all  type#  €»f 
military  equipment. 

Prenioua  work  by  Southweat  Reaearch  Inati- 
tute  under  the  aponaorahip  of  the  Office  of  Ord« 
ranee  Reaearch  had  identified  aome  of  the  factor# 
wh.ch  affect  the  deterioratioo  of  Ordnance  equip- 
menl  aa  a  reault  of  eirpoaure  to  atmoapharic 
humidity.  Chief  among  thefe  factor#,  other  than 
humidity  itaell,  ia  the  effect#  cf  atmoapheric  coa- 
taminanla.  Thia  effect  vaa  Uluatiated  quite 
graphically  by  analysing  data  obtained  in  niiUoa* 
wide  ewpoaure  teat#  to  determine  average  corro¬ 
sion  rate#  in  different  cities.  Tha  data  were 
divided  by  claaaea  baaed  on  the  average  relative 
humidity  of  the  varioua  cities.  Within  each  rel¬ 
ative  humidity  claee*  it  wae  quite  obvious  that  the 
severity  of  corrosion  correlated  with  the  pres¬ 
ence  or  abaence  of  mac-rrvad«  atmospheric  pol- 
lutanta,  capeclally  eulfur  dioxide.  For  each  rel¬ 
ative  humidity  class,  the  highest  corrosion  rataa 
were  reported  in  cities  where  coal  ie  burned  as 
fuel  or  where  known  industrial  sources  of  sulfur 
dioxide  are  found.  This  relationship  wae  oo< 
unexpected,  since  the  corrosive  effects  of  sulfur 
dioxide  and  other  atmospheric  pollutants  are  well 
known  and  are  documcoted  in  the  literature. 

To  obtA-'o  preli'/unary  information  on  aome 
of  theae  problems,  the  objective  of  t!ie  preeeni 
project  was  to  collect  and  analyse  samples  oi 
deteriorated  equipment,  to  identify  any  effects 
which  had  been  caused  or  modified  by  the  pres¬ 
ence  of  atmoapheric  coMtamlnants,  either  pertlc* 
uLate  or  gaseous.  This  work  was  to  be  accom¬ 
plished  in  such  a  way  that  the  cffecta  of  humidity 
could  be  studied,  together  with  the  relationship 
between  humidity  ar>d  atmospheric  contamir^aate. 

Varioua  weapons  system'  and  the  control 
unite  for  these  systems  were  examined  al 


maintenance  and  rebuild  depot#,  and  samplea  ol 
Ibe  ayatam  compooeats  and  of  tha  currosion  da* 
poeita  and  other  material#  were  obtained  for 
chemical  analyaia.  The  result#  of  this  labora¬ 
tory  analyala  then  made  it  possible  to  determine 
in  flSUkDy  casee  what  chemical  reaction  mneha- 
niama  had  beea  respoueible  for  the  deterioration 
which  occurred. 


EXPERIUEKTAL  RESULTS 

Of  the  various  problems  which  were  Invaa* 
Ugattd.  those  which  are  of  greatest  intersst  to 
this  group  involve  electronic  equipment.  Some 
ol  thcee  will  be  described  to  Illustrate  the  type 
of  infornrotion  obtained  in  such  a  study. 

Figure  I  show#  an  error  pulse  rectifier 
•sed  in  a  control  van  for  a  weapon  system. 
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FiCUlU;  I.  EIUIOR  PULSE  RECTIFIER,  FROU 
WEAPONS  SYSTEM  CONTROL,  VAN 

Wb.a  ttr.t  cjamln.d  at  the  rebuild  depot,  it  waa 
noticed  that  aevcral  of  the  realatora  and  other 
nnit.  contained  a  .urface  depoait  of  light  colornd 
particle,  .imilar  in  appearance  to  .ome  type,  ot 
fua^e.  .A  mlcro.copic  .xamination  of  the  cSa.* 
ai.  and  .onto  of  U>e  part,  alao  showed  very  ml* 
nor  pitting  which  might  have  been  due  to  chemi* 
cal  attack  or  might  also  have  been  cauaed  by 
abraeive  cleaning,  handling  or  in  any  of  several 
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to  impair  ctficlvocr  ol  Uio  uMt  bot  th«  onit 
Oran  iovootigmt^  to  dottnoioo  Ui*  •oorcc  ai  dio 

mooooal  oCfocts  ootaA* 

Typical  porta  cooUiaiag  thii  dapoait  are 
abova  la  V^gara  altboagb  tho  particle*  tbeea- 
•clrti  ar«  bard  to  ideatify  dac  to  IcMie  of  detail  ia 
pbotograpkic  reprodoclioa.  Sample*  of  the  par<^ 
tide*  were  removed  from  tbe  uail  aad  examioed 


nCURE  2.  TYPICAl^  PAHTS  P^cObl 
ERROR  PUISE  RECTIFIER 

oader  a  microecope  ia  order  to  identify  tbe  type 
of  depoait.  Smnc  of  the  particle*  coo«i*tcd  of 
ordinary  da*t  which  had  beca  depoaited  from  the 
at  ootphere.  However*  a  high  perceotage  of  the 
particle*  were  fooiid  to  be  a  biological  material 
conUioiag  ao-caUod  "atooe  cell*.  **  The**  are  a 
type  of  vegetable  cell  structure  formed  in  tbe 
growth  of  vegetatioo  by  e  thickening  and  hardea* 
ing  of  the  material  to  form  a  etoey  or  (ibrou* 
ti**oe  called  actercockyma*  Frc<)uenUy  these 
cell*  pile  ooe  oo  top  of  another  to  give  the  ap« 
pearance  of  a  pile  of  atooea*  which  accoual*  for 
their  name.  Theoe  cell*  fwoction  chiefly  ia 
otrcogtheaiog  aod  supporting  tb«  stem  and  pro*- 
tecting  softer  internal  tissues  or  portion*  of  var¬ 
ious  plant*.  One  of  th«  main  sources  of  atone 
ceils  i*  the  bard  covering  or  shell  found  on  sev¬ 
eral  kiods  of  sets  such  a*  waUiot*,  almonds, 
pecans*  etc.  These  shells  do  not  bresk  apart 
spontaneously  and  therefore  omaii  particles  con¬ 
taining  these  stone  cells  could  not  become  air¬ 
borne  except  by  soma  operation  such  as  griadiag 
or  other  else  reductioa. 

Tbe  identifIcatiM  of  stone  ceDc  la  the  de¬ 
posits  presented  a  rather  baffling  siluatlon.  The 
most  obvious  suggestion  was  that  the  unit  might 
have  been  located  near  a  walnut  or  pecan  shelling 
plant  where  airborne  d4Bl  contaiidog  smalt  par" 
tides  of  shell  material  would  occur  in  abundance. 


However,  control  vaas  for  military  weapons 
systems  usually  cooLain  classified  e<|ulpmsnt» 
and  arc  customarily  located  oo  a  missile  bsse 
many  miles  from  any  type  of  civilian  Installatioo. 

During  a  subsequent  vielt  to  the  rebuild 
depot  it  was  found  that  cleaning  abrasives  com¬ 
posed  of  groufwl  celluloslc  material  are  used  ia 
cleaning  some  of  the  equipment.  Two  different 
ntaterials  are  used  interchangeably  in  a  gentle 
cleaning  operation  similar  to  sand  blasting.  One 
of  these  materials  is  ground  aliTiond  shells*  ami 
the  second  is  ground  corn  cobs.  Samples  of  both 
were  obtained*  and  it  was  established  by  micro¬ 
scopic  examination  Uvat  the  ground  almond  ahell 
material  waa  composed  of  stone  cell  structures 
identical  in  shape  arwl  appearance  to  the  material 
found  on  the  electronic  unit.  Thus  it  seemed 
certain  that  the  visible  deposit  originated  in  the 
e!e'.:tronics  shop  rather  than  at  a  field  operational 
site  as  originally  supposed.  The  deposit  could 
have  resulted  from  leaving  the  unit  exposed  in 
the  vicinity  of  ih«  cleaning  operation  while  ihe 
ground  almond  ahell  material  was  being  oaed*  or 
through  cleaning  of  this  particular  unit  with  the 
same  material. 

Since  some  residua  of  these  materials 
could  be  left  on  practically  all  of  the  electronic 
equipment  which  was  cleaned  in  this  way*  further 
teats  were  conducted  to  see  if  the  material  might 
be  particularly  damaging  due  to  the  presence  of 
such  residues  on  electronic  part*.  By  exposing 
ths  materials  in  controlled  atmosphsrea  of 
varying  humidity*  it  was  fouxsd  that  they  were  not 
hygroscopic,  that  Is*  thsy  did  not  coUset  water 
vapor  from  the  atmosphers  writh  ths  formation  of 
a  phase  of  liquid  water  around  the  particles. 
However*  as  soon  as  liquid  water  collected  in  th* 
vicinity  of  the  particles  by  condensation,  ths 
particles  would  then  absorb  thin  watsr  and  bold 
it  by  surfacs  tension  much  as  an  ordinary  blot¬ 
ter  would  do.  When  the  humidity  was  dsersased 
and  ths  surrounding  water  evaporated  into  the 
air,  the  particles  did  not  become  dry  as  soon  as 
the  surrounding  surfaces  due  to  the  time  delay 
caused  by  diffusion  of  water  to  ths  surfacs  of  ths 
particles  from  their  interior.  This  lime  delay 
was  confirmed  by  a  microscopic  inspection 
during  drying.  Figure  1  shows  a  particle  In  ths 
process  of  drying*  with  a  layer  of  liquid  water 
visible  around  the  edge  of  the  particle.  This 
photograph  was  tahea  several  minutes  after  ths 
Surrounding  saviroomsat  had  become  completely 
dry.  Thus,  the  particles  can  serve  to  collect 
and  hold  liquid  water  as  would  any  other  for  eigo 
object,  especially  If  porous  in  nature.  However* 
the  particles  do  not  cause  condensation  or  col¬ 
lection  of  a  liquid  phase  when  in  contact  with 
humid  air  below  the  saturation  point. 


HGUItE  i.  PARTICLE  DURING  DRYING. 
SHOVING  RETENTION  OF  LIQUID  WATER 


SlBC*  motl  type*  ol  ccUulote-eonUlnlnf 
Uolofical  matarl&I  cooUio  tungu*  *porei.  incu- 
batioB  t«sli  war*  conducted  to  »ce  if  fungi  could 
b*  growalram  th*  aample*  ol  cleaning  material. 
Aa  aapected.  it  wa*  lound  that  aereral  apecica  o< 
fuB^na  aporca  occurred  in  the  material,  and 
ibea*  apera*  would  aUrt  to  grow  and  reproduce 
U  pUcad  la  a  aaturated  atmoapher*.  Figure  d 
nbfr— f  a  particle  ol  the  ground  corncob  malerlal 
a*  aeea  through  th*  microaeope.  with  filament* 
of  fangat  growth  aurroundiog  it  In  all  acme  ten 
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FIGURE  4.  PARTICLE  OF  CLEANING 
MATERIAL.  SHOWING  FUNGUS  GROWTH 

different  Tarletiaa  of  longu*  were  identified,  all 
of  thera  callolytlc  fungi  which  can  grow  in  the 
preaeae*  of  moiature  and  which  uliliae  celluloae 


material  not  only  prtwrWed  tR«  fan^a  ayoaw^ 
but  alao  the  cellaloa*  ooedad  law  iWir 

Aa  a  part  of  tholr  normal  groadR  epda, 

ccllulytic  lungl  and  ia  tact  all  ad 

produce  decompoaltioar  proiMrta  wWch  am  b* 
corroeive.  Carbohydralae  fcolRalooel  aew 
broken  down  into  aimplor  MCaro  and  nlauRat  nad 
during  ihla  procens  tbo  by-prn*trta  al  Ibo  BU- 
mcnloua  fungi  include  varioaa  oegjnnlc  adda  mad 
otber  potentially  corroalra  matniaW. 


The  practical  Itnpor.anec  M  I 
of  three  cleaning  material#  ^  eloctrowic  part# 
i*  difficult  to  determine.  U  tboy  were  wM  pra- 
aent,  fungua  aporea  would  atill  b*  f^o*d  mm  tbo 
material  alncc  variotra  typeo  ad  fungua  apneea 
occur  naturally  In  the  at-woi<phm  aad  wouM  b« 
found  on  any  material#  en^ioad  fto  aainaal  atmoa- 
pherc.  Nutrient*  wcptild  tlao  bu  awarblla  in  lha 
form  of  rubber  and  plactic  1— ■fatiaw.  ««- 
impregnated  paper  and  other  aaatarlala  aornwlly 
used  in  electronic#  oqutpeneM.  Moat  ed  th*  tlmo 
Uieae  aporca  ara  relatively  Wrwklaan  aad  canaa 
no  damage.  Only  when  they  are  buft  le  an  at* 
moaphere  oT  high  homldtiy  (clova  to  aohamticol 
lor  extended  period*  of  tie  *  prt ■  ear**  od 
auitable  nutrient*,  do  the/  atari  to  grww  and  thua 
produce  the  potentially  cp/rwaae*  »y-pr**aeta. 

It  ia  impoario’e  to  aUte  whoever  lha  mac  od  thaao 
cleaning  compound*  wwuV  lacrama*  lb*  prohm- 
bility  ol  fungua  attack;  n*' ertheknon.  i*  d*»a  no* 
seem  adviaabl*  to  p*r..nit  rraidmeu  I*  ramaim 
which  conUin  b>J>  the  fangma  aporaa  a^.'  ^ 
nced^<J  foir  tkeif  ■ 


Cm*  special  aituatiom  waa  loaad  ia  which 
the  pretence  of  Ihi*  clcaaiag  aaaierial  migM 
cauae  mor*  trouble  fbau  would  ha  the  caae  with 
a  mere  aurface  depoaH-  Kigmre  5  aheura  three 
reeietors  taken  from  the  dectrenir  moa  p<re- 
viouely  llluetratcd.  On  th*  Icll  ad  the  ptcharm 
arc  two  of  the  unit*  as  renurrad.  ahowiag  lha 
plantic  aleeve  which  ia  placed  €w  *r  the  raaiatoe 
unit  to  prevent  contact  with  the  atiaocphere.  A 
eubetantial  quantity  ol  lha  gLowad  limned  ahcU 
cleaning  material  can  be  aeon  mitdermeiath  Ihia 
cover  in  the  annular  apace  bekweea  the  cower  aad 
the  reaielor*  On  the  right  i*  aneAer  want  Im 
which  the  cylindrical  plastic  aleeve  waa  cot 
tenglhwiae  and  remored  (rora  the  realaWr. 
Immediately  in  front  of  the  rcaiatar  io  the  pita  mt 
ground  almond  obeli  material  orhick  waa  remevad 
from  the  annular  apace.  TUa  depoeit  rd  cleaning 
material  wae  cultured  and  aeveral  apeeiea  cd 
fungi  identified.  These  coTraapamdtd  to  ooaM  of 
the  apecica  found  In  th*  origloal  anatariaL 
Spors*  oi  these  var'.oua  fungi  bad  bcaa  fai  lha 
rctlslor  unit,  remaining  dorunanl  in  the  nhnond 
ahe'l  material  which  waa  trapped  berweem  the 
realilor  and  the  plaatic  cwvae. 
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Left  •>  Normal  Unite 

Right  ~  Cover  Removed  to  Show  Oepoeit  Whi<k 
Wat  Removed 

FIGURE  5.  RESISTORS  WITH  PLASTIC  COVER 

It  it  pretomed  that  thit  material  wee 
driven  into  the  annular  epace  between  the  retie* 
tor  and  the  cover  by  air  pretture  during  the 
cleaning  operation.  Thia  repretcntt  a  poteo* 
tially  more  teriout  threat  to  the  unit  than  a  tur* 
face  depoiit,  tinee  the  material  ie  held  in  a  vcrr 
confined  space.  If  the  material  picked  up  moia- 
ture  during  an  extended  period  of  high  humidity 
it  would  then  dry  out  very  tiowly  due  to  being 
confined.  The  fungui  aporet  would  then  be  givea 
a  longer  period  of  high  humidity  lo  which  they 
could  grow. 

Fig'ure  fi  illuttratea  another  unit  which  wa« 
examiued.  a  variable  rcaiator  unit  conUined  in  a 
brown  plattic  cate  approximately  3  inchea  In 
diameter  by  \-\Jl  inches  in  length.  With  thin 
particular  item  one  of  the  two  ro!ora  inaide  the 
unit  waa  coated  with  a  white  corrosion  product. 
An  identical  rotor  in  the  bottom  comparlmeat  of 
the  unit,  not  shown  io  the  illustration,  waa  unaf* 
fected,  hut  waa  clean  with  no  visible  depoaite. 
The  white  deposit  on  the  lop  rotor  shown  in  the 
photograph  was  removed  for  chemical  analysis, 
and  several  determinations  were  made  eveo 
though  the  amount  of  material  waa  extremely 
limited.  A  sample  of  the  metal  rotor  was  also 
collected  by  drilling  inic  the  metal  with  an  elec¬ 
tric  drill 

The  bast  .nietal  was  primarily  aluminum 
plus  minor  amounts  of  other  alloying  materials. 
The  white  deposit  was  composed  of  various 
aluminu’n  salts,  primarily  cli’oridc  and  ammo¬ 
nium  salts.  The  presence  of  both  chloride  and 
anxionjun*  iors  in  the  deposit  suggested  the 


riCURC  1.  VARIABLE  RESISTOR  UNIT. 

WITH  CORRODED  ROTOR 

possibility  that  chloriM  or  hydrogen  chloride  as 
well  as  ammonia  mig^  he  involved  in  the  chem¬ 
ical  reactions  ocenrrhaR.  Some  cblorlnc-coo- 
taining  plastic  rcsina  as*  hwown  to  split  off  hy¬ 
drogen  chloride,  which  ie  eery  corrosive  in  tha 
presence  of  moislnre.  Therefore,  a  sample  of 
the  powdered  plastic  material  was  heated  with 
melted  aodiuna.  to  f  nwsirt  organic  chlorides  to 
sodium  chloride  for  aaolyticai  teste.  Howsnrer* 
a  test  was  oegativo  eheiwiig  that  no  chlorides 
were  present  in  the  plastte  material*  A  test  for 
ammonia  gave  pooitiro  rewslts  indicatiag  that 
the  original  plastic  nsadarial  apparently  coo- 
tained  nilrogca  cota^eweda. 

It  was  also  noted  that  a  gasket  of  rubber¬ 
ised  fabric  had  been  need  arooad  the  top  pf  the 
resistor  to  seal  the  cwn^artinent  where  the 
corroded  rotor  was  Ie  rated.  Part  of  this  gasket 
had  come  off  and  had  hr  to  lost  but  a  small  por¬ 
tion  remained.  This  eosall  portion  was  sKtractod 
with  nitric  acid  and  Che  esRract  gave  a  positive 
test  for  chloride  inrti^atieg  that  this  Rasket 
rather  than  the  base  yhstic  material  must  have 
been  the  source  of  rhiosids  to  assist  In  the  cor¬ 
rosion. 

Since  both  the  chkuride  and  ammonia  coo- 
etituents  appeared  to  have  been  Involved  In  the 
deterioration,  testa  wnre  condneted  to  see  if  the 
ammonium  contefd  ed  tts  hose  plastic  material 
and  the  chloride  erraiset  af  Bka  gasket  war#  vol¬ 
atile  and  thcretcra  canid  reach  the  rotor  by  dif¬ 
fusion  through  the  aCaMsphers  ineida  of  the  rotor 
compartmeitt  even  thnagh  ao  physical  contact 
occurred  between  the  raCar  and  the  plastic  ma¬ 
terial  or  the  gaskeL  Foe  this  purpose  a  apeclal 
apparatus  was  conslmctsd  which  is  illustrated 
in  Figure  7.  A  glass  tahe  contained  a  test  rea¬ 
gent  soloU<.ui,  while  a  side  arm  was  provided  to 


FIGURE  7.  APPARATUS  TO  UCA5URE 

VAPOfl  rORAlATlON  AND  DIFFUSION 

contain  the  mAtcrUt  b«ing  tcetcA.  A  efnAll  ItfM 
hulb  «Ai  plAC<-d  under  the  tldeAm  ia  or4et  to 
keep  the  lemperAture  el  the  eArnple  a  fen  degrees 
above  the  temperAture  of  the  rcAgemt  eoletiee  end 
thus  keep  the  humidity  in  the  Air  eur rounding  the 
•Ample  ilightly  bclon  MturAlioe  lo  prcvcoC  con* 
deneAtioa.  The  test  solution  wa»  distilled  water 
contmining  silver  nitrate  to  test  for  chloridea.  or 
contairuog  Nessler's  reagent  to  teat  for  ammonio. 
Any  volAtUe  compo«»Ad  evolved  by  the  sohd  test 
material  would  pass  hy  diffusion  into  the  reagent 
•olution*  giving  the  chArACtcrictic  prccipiUte  for 
chloride#  or  yellow  color  feet  lor  smmonis  And 
ammonium  compounds. 

With  the  base  plaatic  mAterial.  rceelte 
were  pofitive  in  the  ammorJa  teat  and  negative 
in  the  chloride  test.  With  a  small  sample  of  the 
gaaket  mAterial.  positive  results  were  ohcaioed 
with  chloride  and  negative  results  wriOi  ammonia. 
Both  the  gasket  material  and  the  base  plastic 
evolve  volatile  constituents  which  evidesUy  af* 
fected  ths  corrosion  which  o<;curred« 

In  so  attempt  to  determine  whotber  or  not 
the  ammonia  and  cMorin/j  were  both  loelrwfiei.tal 
id  causing  this  particular  corroiion  problem, 
small  samples  of  the  metal  rotor  were  cut  out 
and  suspended  in  an  atmosphere  of  controlled 


humidity  near  but  elightly  below  satumtloA*  ts^ 
gether  with  pieces  of  the  plastic  material  and 
gasket.  Ths  sample  centaiaing  only  the  gasket 
showed  a  small  amount  of  whits  deposit  after  aa 
eigHksure  ol  om  wssk.  Ths  sample  containing 
ths  plastic  matsrial  showed  a  similar  deposit. 

Ths  sample  containing  both  the  gasket  and  plaattc 
material  showed  a  white  deposit  which  was 
somewhat  dillcrcnt  in  crystalline  structure  an 
indicated  by  microscopic  euaminatioa.  Ths 
deposit  on  the  latter  sample  also  appeared  to 
etch  the  base  metal  underneath,  as  had  occurred 
with  the  original  rotor,  whereas  with  the  other 
two  samples  a  surface  deposit  was  formed  with 
less  evidence  of  chemical  action  on  ths  bass 
metal.  Additional  tests  could  not  be  conducted 
because  the  small  amount  ol  gasket  material  had 
been  exhaueted  by  this  tirun. 

These  results  indicate  very  strongly  that 
^hc  corrosion  which  occurred  was  ths  result  of 
the  ,»imultane(Mis  action  of  three  factors: 

(1|  Atmospheric  humidity  s^hich  enterad 

the  unit  because  of  the  defective  gaskcC 

(2)  Ammofiia  or  ammonium  compounds 
evolved  fay  ike  plastic  material. 

fl|  Chlorine  or  hydrogen  chloride  evolved 
by  the  gasket  material. 

As  near  ss  can  be  determined  from  ths 
small  scale  tests  which  were  conducted,  ths 
absence  of  any  one  of  these  three  factors  would 
have  prevented  this  particular  type  of  problem 
from  arising,  although  humidity  plus  eitbsr  of 
the  other  two  constituents  could  cause  some  sur¬ 
face  deposit.  Based  on  a  small  scale  test  it 
appeared  that  etching  of  the  metal  rotor  would 
have  been  less  severe  without  the  simullaneous 
occurrence  of  all  three  factors. 

SUMMARY 

Two  specific  problems  have  been  ds* 
scribed,  illustrating  the  manner  in  which  air¬ 
borne  contaminants,  with  or  without  accom¬ 
panying  high  humidity,  can  cause  or  alter  ths 
deterioration  of  items  of  electronic  equipment. 
Many  more  eicAmples  of  a  similsr  nature  could 
be  cited.  In  some  cases  prcciss  and  detailed 
defective  work  is  required  to  determine  ths 
chemical  and  physical  reaction  mechanisms 
which  are  responsible  for  the  delerloratlon 
rvoted.  Nevertheless,  the  type  of  approach  iUus- 
traled  is  frequently  successful  In  identifying  ths 
reaction  mechanisms  involved.  This  informatiow 
then  leads  to  a  better  understanding  of  the  cause 
of  deterioration,  which  in  turn  makes  it  possible 
to  provide  for  ihs  best  snd  chespest  methods  of 
preventing  such  deterioration  where  neccsssty. 
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A  tmaUXVML  AHALYSIS  OT  TRAHSIBna  CAUSED  BT  ACC  BBSP  IB  U» 
GKIfCanD  ANFLiriBI  AS  OSH)  IB  AB/WQ-IB  (MSSIL*  HCBITCB)  BOPlfHOR 
wr-  Joba  m.  Ougan  •nd  Hlcbard  A.  Perry,  US  Ar^  Air  StreoM  Bound 


IBmUJOCTlOB;  !■  tfco  of  dlsltal  oyetmo  for 
the  cemnymkcm  ot  latamtioo,  tbt  v&lu*  of 
«nr«r  t*iiroAtte«4  hf  troMioata  eaa  bo  of  p«r»- 
»  iB^ortonce.  CooolOercd  In  thin  p*por  In 
thn  COM  vhero  not  n^lflnr  tTmtea  in  nwltchad 
bntooiMi  yrmrituM  *mpat  llnnn. 

them  am  too  noarcen  fra  vhlch  the 
tranlcttitA  neon  at  tbt  output  of  thn  napUflnm, 
ATO  ihirlTrrt  ten  noarcn  In  fran  uttMo  ihn 
nMpXlfUr  itneir,  aa4  vlU  b«  tnnwd  an  internal 
traMlnnt.  thn  other  nourcn  in  froa  tba  varloun 
Input  llntn^  and  vlXl  W  called  nn  ejr  (Vernal 
traoaient.  Thin  paper  will  deal  with  one  traa* 
•loot  la  particular;  hovever.  the  renultn  vlLl 
be  perfectly  valid  for  other  tmonleota  arlnta4 
froa  nlailar  aaureea«  the  txaanient  considered 
In  aanoelated  with  MX  build  up  nod  caueea 
prc«raaali.C  orram  la  the  overall  equlpaent. 

Tbe  ortslBal  dentin  utlllted  screening  aod  grid 
blaa  potent loaetere  to  balance  tbn  circuit  and 
adjust  aivy  traanienta.  niin  aethod  van 
u&aatlnrnctory.  A  aodlflcnttoo  van  then  to* 
ntallod  la  the  equlpatc :  that  claaped  tbn  out* 
put  of  the  napllfler  to  ground  for  n  net  tlan 
after  AQC  renet.  Thin  aethod  In  preneotly 
employed  but  In  cxpeaatve,  large^  and  only 
aoderately  effectim.  Attempted  In  tbtn  paper, 
baaed  oo  a  c<splete  aaalyaln  of  the  circuit* 

Vlll  be  a  new  aethod  of  CranaicDt  euppreaeloo 
with  accent  on  coaparlnoa  to  cost*  efrectWenen% 
rellabilUyA  nUbllUy  aod  else.  The  axjaynie 
«ill  be  ehtecfied  to  cove^'  loltlnl  design  con- 
nldemtlooa  to  setteral  digital  e^lpaent. 

tKABSinrr  nspcmcn  of  the 

Nlnelle  Noottor  Syatea  eaploye  push-pull 
a^llftrrn  la  the  circuits  being  studied- 
figure  I  shove  part  of  tbn  typical  circuit  and 
half  of  the  push-pull  arrangcaent.  Figures  2 
and  3  nbov  the  lav  aad  high  fret^uency  equivalent 


Tbe  equanloan  repreneotiog  thin  circuit  for  1cm 
frequeoclen  In  fouDd  to  be  of  the  fora* 


vbere  the  cooclaircs  are  real  end  are  functions 
of  the  eleaente  only.  It  can  dov  be  sh<Mn  that 
the  aitput  voltage  for  n  unit  step  fUnctioo 


vould  ba: 

/C^€  A 

vhere  X\  and  ^  are  aov  fUsetloan  of  tbe  droslb* 
for  the  lov  fre^ency  renpoone  of  aa  fpsl— 
functlcn*  the  output  voltacn  In  of  the  aatera: 

For  high  fte^ucf^*en,  the  ciroult  th*  fteat 

a,  a--i4,  •*- 

vhere  again  the  coontanta  are  fuaetioB#  of  clr^ 
cult  parMsetera  only.  S(n)  can  be  lamlttea  la 
the  fora: 

7jr/a,x*  ■*#/ 

for  vhich  the  loveme  trannfora  in  of  tbe 

The  output  voltage  ulth  a  unit  step  iDfut  la  of 

t  '**  _ 

At  •  *»  bj  W>d  <>2  tb.  circuit  TCTM  flrCB 

the  iou  1‘re-iueDcy  cam  to  toAc  oo  .ld-ficiB*<*ty 
cbATActcrlAtlct,  And  the  trAn»f«r  funetlo.  caa 
be  obtalMd  fro.  f^uMleo  (1).  *l»o  t'J*  !■¥•<- 
ACC*  cAo  be  found  fra*  E«^uaa1oo  (1).  Kld'ft’A* 
^uecey  chArActerlttlct  cbw  tbcm*«l.».A  lA  tim 
high  -rcqu*ncy  CA*,  EquAAlo.  2,  vb*.  B%t<*3>2, 
Ad  tb*  teraA  aI-jY  Add  aL*z  W  mbU* 
glble.  lA  A*eo  froA  tbcp*  e^uA-loM  ttaM 

lb*  circuit  cAcsot  rcAcoate  At  lou  frmyjMClA. 
but  vlll  hAVe  At  ICAAt  CO.  rCACUt.  poldt  AA  tA. 
hUtb  rre<juencl*A.  IblA  |>olot  cma  b.  Abora  t.  h. 
A  functlco  of  the  racAranAcr  cooAiruetlo.- 
AIao,  At  lou  frcqueccleA,  tb«  trAHAfer  ftiactlM 
VATlcA  AlAllATly  tO  th«  trACAfoncr  CbATMtMlA- 
tlc  c«r»*A. 

Ftx.  AtAsdard  trauforMr  rqulndnt  eli'> 
cuttA  tt  lA  found  that  tbe  ratio  of  taplinc 
loo  of  a  Ate**  At  Xcw  rrcquenclea  to  aid 
clcA  lA  eqiial  to;  ^ 


JulA.,. 

And  for  hl*b  frc<|uencleA  to  aid  frcqucaclaa  tB. 
ratio  la: 


?  r*— 


To  ralae  the  lov  fre^ency  half  pnscr  fcilfid 
It  vould  be  neceaaary  to  locreane  rp  or  lover 
To  lover  the  high  frequency  half  p^ver  podai  ^ 
or  L,  vould  have  to  be  increased.  If  la  cm 
raised  tbe  respeone  falln  off  alorer  prodadas 
an  undeslrnbXe  effect.  It  in  aotlead  that  a  <' 
nimble  effect  can  be  obtained  by  Ira  nr  lag  I 
for  lea  rrequencien  and  by  rmlnlog  both  I 
q.  Id  th--  sane  mtlo  for  tbe  high  frequeada*. 
This  gives  tbe  desired  effects  aad  nhould  bv 
eoployed  lo  Initial  desiga. 


.#  .  .  • 


ISrtUlIMBrr  cr  OUUBtOBBt  Th«  lartlaalar 
tnaMlMit  that  la  bal^  eoialiterad  bara  la  asaai- 
elatad  irlth  AOC  raaat.  Tha  prcblaa  aaa  t»«aa4 
t«  Um  plata  circuit  at  tuba  Tl.  Cooald«>'  tha 
^ylialant  circuit  aa  aboan  la  n^ira 


tba  raluaa  l^tba  traaafcnaor  to  ba 
baUaead,  and  tba  raluaa  of  to  ba  fbaotlcaa 
af  a_.  If  tha  onrrant  tbrouah  aa^  tUha  i»a»a 
alaaya  tba  ttmt,  ao  traaalaat  could  ha  ebaarrad 
alaea  tba  raaultant  flux  dua  to  tba  D.C>  curraed 
vaold  ba  laro.  Hautnar,  eooaldarlac  tba  eaaa 
abara  L  yt  \2>  fUoetlooa  of  tlaa. 

Plata  Toltafia  aupply  la  ecaataat*  fba 
aq^Malooa  for  tba  plata  currant  taka  tba  fom 


-r.w.oj  ^ip).  ^ 

r - tba  aapllflar  la  balanced  at  OM  value  of 

Se-  Tbao  BbL  •  B|a2 

t**^L  ^  J 

Ullttrt  ^  t  ^  ^ 


Vblcb  glvaa 


vaa  for  a  aolutloo; 

at*  T,  j 


®  '**a'^*- 

Vbleb  vlU  produce  a  voltaea  In  the  aeccodarr  of: 

^  >^aJ 

e,  =  -e-Ji«  - 

Iba  Plata  current  can  ba  approx  laatad  In  tba 
rrclai  of  oparatloo  b/r 

Bp  adjuatlnc  tba  blaa  and  tcraan  grid  voltaga, 
tba  ataga  can  ba  balanced  at  ooa  particular  opar- 
atlag  point.  Hovever  It  la  noticed  that  tba 
valna  of  Rb  la  dapeodant  on  a(  ,  vMcb  oonaallp 
varlaa  aa  meb  aa  300^  batveen  tubaa. 

It  vaa  found  by  a  serlca  of  teata,  that  tba 
Bciml  variation  froa  tha  average  value  of  Fp  at 
any  ourtlcular  voltage  can  be  expected  to  be 
Icta  tiaa  £5>.  Thla  pemlta,  hwforer,  a  alta- 
abla  tranalent  to  be  developed  area  vtea  the  a»- 
pUner  la  balanced  at  one  particular  voltage. 
Ible  la  brought  about  by  tha  fact  that  during 
A5C  reoat,  the  blaa  voltrse  la  cltrped  to  -o 
volto.  It  than  bullda  up  rapidly  to  arotud  -U 
vrlta. 

Poealble  aeara  to  elUaloate  thl*  tranalent 
voold  ba  to  add  a  aacond  etage  in  tbia  aaetiod 


vltb  H-C  erajpllag  bataaan  tba  praaaat  and 
tba  bdded.  ew>.  Tha  bddad  tuba  could  tbaa  drl«« 
tba  traaafceaar,  and  by  tba  eonract  eboiea  of 
vaiuea  for  t;ya  l-C  natvork,  tba  affacta  of  tba 
traMlaKt  eould  ba  allalaatad. 

A  la  Botf  tad  la  tbla  abalpaSa  that  aa 
axaaUeaa  x«la  to  foUcar  la  ualag  thla  tppa 
of  aqndjaaat  la  to  naver  paralt  sudden  chandaa 
of  PX.  ourraat  Ig  aajr  transfocaar.  Thla  ana 
appaaetatad  abaa  a  elaap  vaa  attaaptad  during 
tba  latttal  daalffi  of  a  aodlfleatlca  to  tldn- 
laata  tbs  tnaalant.  It  was  notlood  at  that 
tlaa  that  tba  ela^  catiaad  a  sudden  ebanga  of 
P.C.  exrraat  flowlni  In  Tp,  and  eanaad  a  larger 
traaalaat  tbna  tba  oua  batng  olaapad  out. 

Cc^arlsaa  of  oaleulatad  valuaa  froa  thaaa 
aguaaloBs  tad  actual  valuaa  pbotograpbad  are 
dlaplejad  i*t  tba  sad  of  tba  papar. 

oesibs  Of  A  riLTSF:  During  tba  aaalyala 
It  aaa  aotlcad  that  tbs  bandwidth  on  tba  Mlaalla 
Nooltor  ayataa  la  ratbar  broad,  sad  It  vaa  ra- 
I  iiaai  iiildl  that  a  flltar  ba  daalgnad  aad  placed 
In  tba  ayateo.  A  wall  designed  flltar  would  aot' 
ooly  deeraasa  tba  affacta  of  tba  pravlcualy 
atudlad  troAslsat,  but  wcwld  also  block  axtarasl 
traaalcata  frta  reaching  tba  data  baadllng 
portloo  of  tba  afulpoast. 

Ibara  axlata  a  eertala  aaouat  of  fraadon  la 
tba  placcnent  ef  tba  flltar;  bewavar.  It  would 
ba  advantagaoua  to  placo  It  aa  near  tba  outpat 
aa  poaslbla  to  elaaa  tba  llaaa  of  Internal 
tranalents,  Tba  axact  placaaent  of  tbs  flltar 
designed  for  tble  papar  would  ba  la  tba  output 
Hoes  to  one  batteoy  vbera  600  oboa  la  aaan  In 
both  directions  where  tba  Itnaa  are  brokan. 

Tbla  fsdlltataa  tba  design  of  tba  flltar  aad 
■okaa  tba  coostnctlon  of  It  nucb  slnplar.  low 
ever,  if  a  filter  vara  to  ba  Installed  peroanaDt- 
ly  la  tba  s^tulpmt,  It  should  ba  placed  earlier 
la  the  circuit  wbare  ooe  flltar  would  flltar  all 
the  ootpota. 

The  datlffi  la  rather  straight  forward, 
using  tvo  band  pass  filters  la  parallsl,  oaa 
for  600  and  oca  for  1$00  cycles  per  second. 

Cara  nust  ba  taken  to  have  the  characteristic 
inpedaaecs  total  60Q  otna.  This  can  ba  done  with 
two  ayaaatrle  filters  since  tbs  lapadanoa  lo- 
rmaaas  rapidly  away  fren  tba  past  band.  Plgura 
}  aboas  tba  prcnoaad  flltar. 

pyaA  .  >»  a 
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At  tba  praaaat  tlaa  the  flltar  has  aot  baoD 
built  abl  triad  dua  to  Inaodlata  unavallablU^ 
of  parts  and  tins.  It  la  planned  though  to 
build  aad  teat  tbla  filter  at  aa  early  data.  In 
thla  particular  filter,  the  phase  ralatlooahlp 
betvafo  tba  ItiCO  cycle  aad  cycle  fnxpieQelaa 
would  l>o  unaltered.  Tba  value  of  tba  IJOO  eyelaa 
paselng  through  tha  600  cycle  filler  would  ba 
dwn  l.$b  capers,  and  the  value  of  tba  £00 
cycles  paretog  throi^lb  the  IJOO  cycle  filters 
vculd  ba  down  3.1  capara.  Thla  should  provlda 
no  trouble  dua  to  laaknge  of  cca  fraquancy 
throertb  tba  other  freqiuency'  a  filter. 

OCSiMFlSCI:  The  reecanendatloo  of  adding 
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a  aeeoBd  tdb*  to  ttw  MC  atac*  la  tte  boat 
Mtbod  of  elialoatlof  tbo  troubla  In  this 
jiartlcular  srstca.  ncmver,  lu  praaonl  acdola 
this  would  necaaattato  an  excotlTs  an  aunt  of 
labor.  It  la  bcptd  that  the  Saalcnsd  nitsr 
will  ha  adoquata  for  tbaao  ayatana,  sad  If  so, 
vlU.  prorlAs  a  ouch  cboapar  anl  aoio  rallabls 
sathod  of  eXlninatlDd  tranalantt.  At  tha  asas 
tins  the  doalsDtd  filtar  will  auppraaa  axtaraal 
traoslenta  vUlch  rcnaln  a  problea  with  tbs 
preaaot  claap  nodlflcatlon  in  uaa.  Tha  alas  of 
tha  nltar  Mjr  ha  allghtly  larger  than  thr 
praaant  rlaap. 

Tha  addition  of  a  aaeood  tuba  for  acw 
ayatana  ahculd  ha  attaapted.  Iha  flip-flops, 
aaturabla  reactor,  aod  logic  gatea  now  la  usa 
could  ha  eacluded  thua  sltnlBatlog  a  gnat  deal 
of  tha  coat.  It  would  provide  a  higher  degree 
of  reliability  since  an  aapllfler  falls  leas 
ofter  than  does  a  riip-flop  or  diodea  used  la 
gatca.  The  size,  due  to  the  added  tubca,  would 
be  slightly  larger,  but  the  wiring  and  cofiatruct- 
loo  would  be  slnpllfled.  Orerall,  it  la  coosld* 
ered  to  be  aaieh  sore  erfectlr'<  and  rcllabls  than 
the  exlating  oethod  of  claaplsg  the  llna. 
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SUctrlad  aetivltj  prodaead  in  taa 
orgaiiai  la  a  Bajcr  cootarn  cd  alaeUapiqraLelacih 
In  gaiwral  thara  a«a  taa  BtUwda  af  lacoadlat 
tlTlt?.  On*  la  by  uaing  alcrealaetradaa  to  racecd 
tha  alaotrleal  actlalt;  of  atafla  eallo.  Thia 
%jp»  of  racordlBC  pradooaa  pilMa  aUck  haaa  tera- 
ticca  Id  Um  ordar  at  cca  aUUaaecod  and  fra- 
qaanclaa  of  acra  ttuc  $00  cTclaa  par  aaeond.  "tUa 
Mthod  raquliaa  surgical  cpcraticB  on  tha  auhjact 
and  It  tha  afora  not  adtabla  for  ncaBal  bniaa 
subjaeto* 

n>a  seccod  aalhcdj  tha  ana  ta  idildi  ua  ara 
coat  lotarastad  is  this  pspar,  osas  croaa  ala»- 
trodsa.  Oroas  alactrodaa  maj  ba  applied  to  tha 
aubjiet’a  akla.  fbr  oaapla,  alactrodaa  on  the 
aurtaca  of  tha  acalp  podMca  potaotlala  knoiei  « 
alactroanoephaloKrsc  (EKO)*  Tna  BO,  for  tha  Boat 
part,  la  an  o^ieg  aoUTltj  haring  an  irragular 
varaforc  vlth  a  paak  to  peak  aptltodo  ranging  tp 
to  100  nT.  If  tho  sabjaet  obaatraa  an  intanoa 
filckarlng  light  STBchrofrlsad  usraa  ngg  ba  arokad 
In  tha  EEO.  t;plcallg,  hcatar'^r,  thasa  arokad 
potentials  tn  ■art  »allsr  than  tbs  aetirltp 
■gdeh  Is  cot  asseelstsd  adth  tbs  stlaalos.  Thus, 
thar  can  not  ba  inroatlgatad  nalng  conran- 

tional  raeoidlng  paoeadaraa. 

i  raspenae  to  flickering  light  au^  ailao  ba 
racordad  froa  tha  aja.  It  Is  obtained  hr  unlng  a 
groat  slectrods  laihodad  In  a  contact  lent,  lha 
Isns  It  fUlsd  adth  s  ccndnctlng  solatloB  that 
sakss  contact  ulUa  ahs  surfaca  area  or  tha  aja. 
Thasa  raoordlngs  thus  obtelrad  ara  called  slectro- 
raUnograsH.  Xt  r-  ry  bright  atieuU  ara  uaad  tha 
BRQ  la  raadllr  dleccmad.  is  tha  lartnanrs  of  ths 
sticulbt  light  ia  rodoead  It  beccBas  aaaksr  until 
It,  too.  Is  hldisai  (7  badegrouDd  nolsa. 

Slrxa  grots  olectrodas  racord  tha  aetirltg  of 
lerga  cuchara  of  calls,  an  extraaieljr  covlen  vara* 
fora  agg  ba  obtained,  rigato  1  sbaaa  a  tjrpical 
ezsrpls  of  ■>  EES  raspcaiae  froa  ths  sjrs.  The 
verafora  changai  diaa  tha  light  ia  flickering  at 
different  rstaa.  It  tha  U/saoend  rata  tha  waraa 
BSilced  1  and  2  ara  obtaliiad.  It  has  baan  dicsai 
that  ths  arra  asitod  1  Is  produced  hr  tha  photopie 
or  dgr  aechaolM  of  tha  ratins,  and  that  aarkad  2 
la  produced  bj  tha  acotople  or  night  rlaloo  afataik 
At  tha  hifihsr  rats  of  20  flacbaa  per  aaeond  only 
tha  photcpic  coaponant  Is  obtained.  Tha  alaotro- 
ratinoerata  ahaan  In  tha  figure  mra  found  idUi 
bright  atinuU.  it  lOMsr  la.w3aneei  they  would  ba 
hidden  by  tha  background  ootsa.  it  noderato 
lunlnancot  tha  rarlahls  nature  of  arokad  reaponaas 
Bckes  qoemtitatira  analyola  of  tha  data  In  Ita 
origlnSLl  fen  axticnely  ooralLable,  particularly 
when  they  era  partially  nuked  by  Dodsa. 

A  ayatn  for  detecting  theu  arokad  raspooeea 
In  tha  prescaca  of  in  adrsrsa  olgnol  to  nolss 
ratio  has  boon  doraloped,  and  will  bo  daacrlbod  la 
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this  paper.  It  odhdaaa  faetwraa  of  darleaa  uhldt 
kara  been  deecrlhad  I7  Daara  1,  tarloa  2,  end 
dosenbllth  at  el.  3.  Ite  Khnategas  laslsda  ita 
cljgtllclty,  flasitdVikf  sad  law  oast. 

Tlgura  2  ihnaa  a  block  dlagragi  of  tha  systaa. 
doth  ths  alsetrarwIdwacnM  mil  occipital  (ESO) 
poUntlals  aro  racardsd  oa  sa  IK  ts^  raoordar. 

Suh  ties  a  atmlaa  light  flaabaa  a  phetocoll 
trlggsrs  a  poles  0asntcr  akdeb  ia  alee  rooerdod 
on  tope.  .This  wKnlm  pales  Is  assd  to  synehroulso 
ths  contrul  ondu  Xh  trlggHW  a  chain  of  tan 
aingla  shot  waltlalkrstm.  Baa  af  thasa  cos 
shots  control  tha  <■  sUrn  ad  clnalag  Has  of  tha 
rolays.  Tha  uttcu  la  sorb  that  aftar  an  Initial 
Una  delay  aach  wsiihui  ia  thw  chaia  of  rolays 
closas  and  opens  la  aiipisnos^  ns  coaalning  ons 
shot  dslvs  ths  niwHBg  tlen  kf  *  pt'ssst  mtntX, 

Ths  petk  of  tha  sl|i>als  throagh  tha  rolsy 
contuts  and  uiapwtu'  Is  sheas  la  woaw  datall  la 
fig.  3.  Tha  riipnaas  sl^tsl  paasas  tlwvogh  a 
llBltar  to  tha  raliv  aartacls.  K^.  K3  ate. 
tdtlcb  faad  It  ta  a  buk  of  oparationsl  lapllflara 
connected  as  Integratcn.  They  stosa  and  sw  ths 
aetinty  during  tha  Mas  latarrsTi  Ty-Ti,  Tj-Tj — - 
1^.1-Tg  as  aheau  lha  ootpat  af  aach  Intagrstor  , 
is  proportloiwl  to  tta  sta  af  ths  areas  lying 
under  succssslra  rajpensa  cwrcas  during  fixed  Una 
Interrale  foUoidwg  aach  stlaalas.  Fotantlvotaea 
at  ths  output  of  thw  Intagreiors  aro  asad  to  c<ss> 
pensata  for  dlffirnwras  ia  tha  paU.  la  sad  drop  oat 
tiros  of  ths  ralsya.  1  ssrnaid  sat  of  ralsgr  eon> 
toots  k^,  ky  ate.  dasss  at  tha  saw  tlaa  and  ia 
tho  saio  ssquonca  aa  ths  iiput  raloya.  This  sat  of 
relay  ccotacta  siilaa  tha  oatpst  of  aach  Inte¬ 
grator  In  turn,  acal  dslirara  lha  signal  to  a 
Mdlloaoipa. 
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Vwvrar  •  ■nhject  idaka,  Um  roUUan  of  hla 

wr»  lan^cM  •  IsFgt  poUntld  svrwal  Uae-v  tbo 
of  tho  noTB^  ongednf  ooUrtty,  Uo 
UBitor  «i  th*  Iqiot  of  ttn  eri^nitror  r»<boo»  tho 
•rror  proiWoil  ty  irarii  ortlfasto* 

Tte  tlMM  durlo*  ifiljcfi  Uw  rsltT*  ora  alnood 
*nirr  Via  eontrol  of  tho  oxpor&BODtor*  If 
onlj  a  raB]>  approBlaatloa  of  U>o  rovpcoM  la 
4o*U«<  Uta  aim  rolaj  cloaJojs  ora  apaood  to 
oorar  tba  onUra  raapoDM  Interrala  If  m  aora  do* 
taVlad  ikletara  la  raijolrw^  tba  rrlagra  aro  aat  tar 
Inlaf  Um  otrylao.  Onljr  a  psrtloa  of  Uaa  t«- 
aponaa  aarafoni  vUl  bo  rac«Qatxuatad<  BoKrar, 
tlva  tapo  ury  ba  plajrad  tweli  a  aacond  Uaaa  aivk  tba 
raUTB  datXtj^  to  a  lat«r  part  at  tba  eaepaiai 
urn,  Scttral  pIcTlica  alU>  tba  ralqra  dalafaC 
at  laorsoalDC  laftorfala  aaliv  It  pc-rslbls  t«  ia» 
coaatnaet  tba  vbbla  VTra  id  tb  a  MiJi  ^ 

raeolatiara.  Tho  onitUawt  a«bipllA(  sagojnt  la  2 
adlUaae  Icaj  end  la  Halted  b^  tha  rslrya*  If 
tba  tt;«  la  pldTid  bade  at  a  alovor  rata  tbaa  that 
at  ahl^  It  «aa  raeordrd.  It  la  poialbla  t>e  Min 


affoatltra  tloa  tm^im  rinrtar  tbaa  t  adUl- 
aaooaia.  Oa  tba  atkar  band*  if  tba  tapa  ia  plar><4 
book  farter  it  la  pearlbla  ta  obtaia  a  aadbav  af 
anplaa  of  tba  mfafbi*  ia  a  abort  ilaa  tat  vdta 
a  aaorlflaa  af  raanilat1>ai 

Bafbra  dlaoaailag  auaw  of  tba  raaalta  talak 
lUaatrata  tba  rilai  of  thla  enpataTf  a  talaf 
daaorlptioa  of  tba  laaaaiatad  aaporlaaiAA  bp^ 
pvatM  la  ta  iirdaa>  Iba  ofpailaaatdl  appaaotaa 
oooalata  ef  a  acawiVliMnI  Tlaaal  atlanlatw  aai 
taoordloc  afataa  aa  MU  aa  tba  aetaal  ooi^rtar. 

A  akateh  of  tbia  ivataa  la  Mom  U  tlfara  lu 


a  ■ 


Itdoro  % 


Ll(ht  froa  a  tmpitaa  rlbboa  fUaaaat  (d)  la 
foeoaad  oo  tba  plaaa  of  a  aotor  drlTao  rotatSas 
aootortd  dlM  (■).  Ibo  r^a  ahlch  paaa  tfaroo<b 
tba  aaotor  are  eoUlaatad  and  traoMlttad  tbroiM 
a  aarlaa  of  latarMaocaabla  oaotral  daual^  red 
color  Ultora  (K|  !•>  M)  bofora  balnf  praeratod  to 
too  robjaot  la  MsvoUlM  aira.  A  caaara  rbattor 
(J)  1«  osod  to  rnxrr  tba  aUaulu  froa  tba 
avbjoet’s  aia*.  A  aarlaa  of  latorobJiieBabla  atopa 
(H)  bablod  tba  flaal  lima  anaUar  tba  arparlaactor 
to  ooDtrol  atlaalaa  dlvotar.  A  aori'OBnirtns 
acrooD  (b)  and  aa  aaxlllarr  cptloal  njaiam  (0,  P, 

Q)  oaka  it  poaolbia  to  hold  tb*  oobjaot'a  aym  at  o 
flxod  laral  of  adaptoUoo.  Tha  adaptatloa  flald 
oaorl;  fllla  tba  raUna  Including  tha  area  atara 
toat  flaabaa  ara  praaentad.  A  aarlaa  of  flxatlaa 
polnta  are  uaad  oo  that  atlaoXi  sajr  ba  located  at 
Torloua  retinal  poaltlem* 

Tbo  alootrloal  ntapooM  i  f  the  ar»,  tba 
elaotroratlnogra,  baa  been  uaad  ar  a  ruoponaa  far 
obneklnf  tba  parfoimuca  of  Uia  ooa?r<tor.  lUa 
Ma  dimt  baoauaa  it  la  a  or^K^aUrrljr  roliabla 
raapocaa  about  iddcb  nneb  1*  alroadp  ksoM.  It 
caa  bo  Moa  aiorc  tbo  nolaa  lava]  Man  bridit 
•timll  ara  uaad«  Tbaa,  It  »u  pooaibla  to  folXov 
It  dmciard  balov  tba  nolaa  attb  procraailTolj 
dlalQlahlaj  atioulu  lartnanrea.  Iba  alsotro- 
raMnogrOi  waa  a  good  rorponsa  to  use  for  cbackAsd 
tba  raaolutlon  of  tbo  STatoa.  Moot  of  tba  elaotro* 
ratlnosrcaa  Imraatlcatod  a«  far  barra  baan  ailed  tad 
t7  niokarlag  orasce  and  talna  U^t  at  tba  rata* 
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•a€  It  mti  Am  one^i  tnd  bln* 

Ulhta  MTS  aolMt*!!  ts  fnw  and  mo* 

tcpla  rMimoM  raapaotlTaly.  Fhotoplo 

•etlvltr  la  ralatad  to  tin  oona  racaptora  of  tha 
ratlaa  -*— rr**  ooeUple  aotirlt/  It  ralatod  to  rod 
ae*!*!^. 


Fltara  $  dhoao  photofrapha  obtalaad  vlth 
nrimi  atlaall  and  tba  raXacra  (atod  ao  aa  to 
aaapla  tka  «dnk>  raaponaa  aarafOrm. 
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Am  Vittaai  tradnc  la  Um  laft  eoloan  ^oaa 
tha  actlTlty  at  It  la  ^ekad  vp  at  vha  alacUodaa. 
Am  notaa,  tacawtar,  it  to  Varta  that  oo  raaponaa 
can  ba  datoctad  rlauallj,  A\a  plctura  at  tha 
hottoo  of  tha  rl(ht  band  ooXocn  ahowa  a  ouabar  of 
aaeepa  aopertapoaad.  Aura  la  atUl  no  aaldaooa 
of  a  raaponga.  Iba  ranalnlng  photographa  ahoo  tha 
ovtpot  of  the  e<ag>otar  as  Inert  ulng  maabara  art 
add^  Tba  retinal  responsa  can  ba  datoctad 
raadllr  oron  iten  a  ralatlTaljr  anall  nuabar  of  ra* 
apooMt  are  added,  and  it  etands  out  noro  and  noro 
elaarlj  aa  the  watbar  la  Ineraaaad. 

j.a.-tuic  - 1.0 
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fl^nn  6  ahont  pbotojr«^|dM  of  the  (rurth  af  a 
blna  Mipaana.  Am  Saa  la  aboaax  1b  tha  laft 
ooljatt.  ia  la  tha  prevleaa  flxtraa,  it  •rowa  tad 
baocBMa  mtrt  elaarlj  danrtlopad  idth  an  looraaaiag 
nabar  «f  addlttona.  The  rlgtit  eoloat  abatat 
aaa|iXaB  af  anaMtad  borala  potaotlala,  AlthMi^ 
thar  baM  net  jnt  riMalTad  detallnd  nenlTniha 
thar  nrn  raadU^  dataotad  br  tha  eavttar. 

Am  eaapitop  hM  been  need  Is  axporltMkAh 
dlraetad  tonarda  atra/  ll^t  prohlaMa*  Typloalljr, 
tha  alaeUrcratlDOfran  la  aaas  onljr  la  raqxnaa  U 
atroag  atlMlaUan.  Olarlnelr  brlfbt  flaahaa 
prtxtooa  atray  U|bt  ihloh  atlMlataa  tha  ratiaal 
araaa  oatalda  of  tha  actual  laaca.  It  la  dif¬ 
ficult  to  obtala  inj  arldanoe  of  loeallaad  ra- 
apooaa  aotlvlt/*  For  axopla,  nbaa  a  brl|^  rad 
pbotoplfi  atiftulua  la  laa^sd  oa  tha  foraa  nkxioh 
eontalaa  ajap  cona  rocoptora,  tha  raaponaa  la  aa 
graatar  than  idian  the  atlanlna  la  laagad  oa  a  part 
of  tha  ratlaa  ecntainlni  vary  few  oonaa*  If 
atlMull  of  lau  luninsnoa  am  dallrarod  to  tha 
retina  dun  It  la  alreadr  flooded  with  a  ataadr 
adaptation  lllht>  It  alcbt  ba  aoppeaed  that  tha 
•ffaetlmMea  of  etri^  lleht  nen^  ba  radnood  ad 
that  there  uonld  ba  noro  aeideaea  for  loceliaatU^ 
Am  cemter  M^ee  it  poeelbla  to  record  tha 
art  reMi j  Mall  nipciMea  Ublrti  are  obtalaed  idMa 
thaaa  ooadltioea  era  fulflllad.  PrallalnarT  data 
hara  been  obtained  fer  et.lau.1t  of  nrloiia  laal- 
tuneaa  aad  field  alMe#  In  addltloo.  Mall 
•tlnuli  bsea  boon  spotted  (n  different  ratlael 
poaltdaDa  to  detmlna  idutther  the  aanaltlTltr  cf 
different  reglocM  dlffera  td>an  tha  affeotleaneM 
of  atrm  light  baa  been  rartimad. 
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Figure  7  ehoao  a  aao>1a  of  ImIbmoo  ouiea  la 
uhlcdi  tha  peak  to  peak  telght  of  tha  ESQ  ia  fdot- 
tod  rarrua  the  mount  of  neutral  flltarli^ 
Inaortod  la  the  etleulus  path  for  ormso  atlMll 
of  aeraral  dlOMtora.  Eo^  podat  on  tha  eurra  ro- 
presesta  a  alnicla  suniatlon.  It  took  aararal 
eocpcrlacoUl  aet»locs  to  obtala  tha  data  praMotad 
In  thia  tropb,  and  cone  of  tha  Inegularltlaa  la 
tha  cerra  can  prubably  ba  attributed  to  d^  to  tay 
ear!  r.bUltloa.  for  all  dlsMteri  reeponaa  da- 
craaaea  nrateiatlealljr  ultb  dacraaalDf  Intsoal^. 
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Dm  mlept  of  tb» 
•ttaslM  diJMtor. 
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near*  8  aboM  Uw  hal^  «f  Q 
obtdoad  *t  dlffartot  rtUatl  ptnatlr—  for  r 
otoBt  sttmJlso  loadiutiea.  it  la  c2oar  that  tha 
aooalMrlV  cf  i«bLD3  la  aot  adfonE.  Ada 
rsit  eii  V3l  bo  obtrlcrd  sslag  atlmtU  ood 

oor-.ooUvrtaji  n  ~-idlac  proov&iraa.'  SSiuat  'orva 
itrXf  data  Indloata  tboct  olapla  ot  ^orlorr  oao  ba  of 
fejtt  ralaa  in  olaetoaybyatalaticla^  aaq>arU'«ataU<<i> 
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CoMaarleatloDa  KLctbpalaa  Oioni  «f  Ra*«orafe 
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FMcraitH  miqucT  muaesasa  at  vxta:  Kwnxi  snnAu 
k/;  WUUmi  a.  Cau,  BaLLurtla  NMaaraaeat*  Lalwrbtf^, 
BaUAttle  BeM«r«k  Labontoirlea,  AkarJaia  rTO*l>^  Qrovar, 
Umr/imak 


AMBUC* 

'Iba  SoUlaUe  fcaaarrh  lalxavtorlaa  ksaa  eo^ 
iluctcA  lJ>boratoi7  taata  oa  tte  rre^oc^  nacr- 
talst^  axyeeted  la  anawirtm  Um>  fra^ueaer  af  a 
nUo  dopplai'  aLgul  ai^O;flai  Urn  data  Qatberliv 
a^juiiBeDt  cl  the  ECniC  (iXiFldar  Riaaa  UO) 
tiatalUta  tracklct  atalion.  A  brief  4eaerl}U^ 
of  Um  teat  lajrout  a^atm  vlU.  be  glTaa  tBClaUx^ 
t)M  tlalad  a/ates,  tmrUnS  filber,  acd  tha 
recorder-readout  cqulpaeiit.  Tba  pcirpoaa  far  ttaa 
teata  uUl  be  dlacoaaed  cud  tba  teat  eettjp  dca- 
crlbed.  Tk*  cadculataA  tbeoretlcal  frequeaej 
■eaaurloe  cap&bllitlea  of  tba  ayatea  alll  be  41a- 
euaaed  aod  ccavarc4  vltb  eaylrlcaU.  raaulta 
obtained  froa  tbe  labcsmtoiy  teata.  Tbe  teat  ra- 

aulta - R>1S  freq'Jeney  error  aa  a  fuKtlon  of  alg- 

nal-to-DOlM  ratio  asd  tr-xklng  filter  baadwldtb- 
---wlll  be  dlacuaaed-  Aa  lodlcatloa  of  pron jl- 
tlOD  effaeta  will  be  ahown  tbrouftb  a  dlacaealoo 
of  the  aoalytla  of  nel4  data  froa  acUad.  aetal- 
Ute  yaaaaa. 


■aau  easJAaatlma  ftw  tbit  aeattor,  an  loexaaalas 
eoacara  teaalosad  1a  tmm  gaakrtera  owar  tba  aetoaX 
e^abllltlaa  of  tba  pbaae  loubad  traeklac  fUtar 
vhlcb  Is  tba  heart  ot  !*-«  IXftUX  ayatab.  A  larlaa 
of  laboT'.ioiy  taata  ware  aada  Ot  data  flaulatlac 
that  ttnm  actoU  aaU'llta  vaaaea.  Tba  reaulta  of 
tbaaa  teata  ylaldad  a  raadia  aeattar  Is  tba  data 
caacntladj.*  equal  to  tba  praetaloo  of  aMaauraaant 
tbaa  abaolrl^  tba  trackloa  fUtar  of  aoy  blade 
but  It  alao  bad  tba  affect  of  crealliic  a  kaaa 
loteicat  Id  atteupilos  to  aaba  an  anplrloal  deter- 
■tnatloB  of  tba  cajablUtlaa  of  tba  tracblbc  fU- 
Vr  io  cltb^r  eonftra  or  refute  Ita  calculated 
theoretical  eayabUltlea.  It  waa  raadUj  apparcat 
that  to  accoapllab  tbla  taak  required  caoaldarablj 
Craater  raadlnd  preclaloo  tbao  waa  preaaDtly 
available.  It  waa  aa  a  mult  of  tbla  reallaatlaa> 
that  tb*  preclaloo  of  tbe  period  aceauraaeut  waa 
lor.TxaMd  by  a  factor  of  100  by  faodlnd  a  ID  ae 
alcgal  to  tbe  lire  cOAZter  aa  a  replacuent  for 
tbe  100  he  atpaal.  tba  taata,  to  be  dtaeuaaed 
later,  iirolvad. 
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mcujcTica 

Tbe  Balllatle  Aeaearcb  Laboratorlea  baee 
bees  eogs^-ed  10  tracklad  aatelllte*  aloca  tbe 
early  d&ya  of  Spotalb  1  la  October  The 

DOFbOC  (gJTricr  rte.ee  IDCt)  aaieUlte  <.rackli« 
ayiten  aooo  cane  iota  Wind.  Thw  rf  aldpil 
received  at  tba  DOrUK  coaplaa  It  betc:'Cdyr»ed  to 
avdlo  fraqueoctea  by  bLxU%  wild  a  tlqiial  deaera¬ 
ted  at  tbe  ata'.iOB  by  aae  of  blft  ctabtUty  fre- 
<tui*acy  etaodarde  ao  that  all  of  tbe  data  acaeiore- 
aente  are  aade  at  audio  frequeoctee.  Tbe  faclU- 
tlce  at  tbe  DOFUK  coeqilcz  eake  It  poevlble  to 
obtAlo  cltbar  a  direct  or  ladlrect  aeaa'ue  of 
:  *«queDC]r.  Tbe  direct  arzeumral  le  owVlard  by 
elaply  coiotlnd  tbe  eyclce  for  a  dlreo  tlae  inter' 
Tal'--ueually  One  aecoBd-.-  vblle  tbe  Indirect 
fiequency  aeaeureacot  le  obtained  by  ■eae<a^Bd 
tbe  elapaed  tljee  (period)  for  a  dlrco  lu^er  of 
Doppler  c/clei  and  tbca  coovertli^  that  Um!  aca- 
•  ureaeot  to  frtqueo^.  Tba  frequeocy  eowVcrs 
lave  tbe  capcllllty  of  t  ^  cycle  wblco  ylelde  a 
couattod  preclaloo  at  *  fT  cyclee  per  eecood 
vbec  both  code  of  tbe  Interval  are  cooeldered.  la 
aaklnd  tbe  period  acaeureaeot  a  100  kc  a'er«l 
froa  a  frequeory  atamlard  le  fed  to  tl  tl 
countor  vblcb  alao  baa  tba  eapablllt,  tr  ;  . 
cyclj  or,  tlie  (  Imteat  in  tine,  *  ID  .r^ 
eecooda.  Tbe  Indirect  frcqvieDcy  BtaaurlEa  aetbod 
ylelda  tbe  aa^t  pteclaloc  ae  tbe  direct  frequeBcy 
aeaeurlnf  artbod  vbea  tba  period.  At,  la  eqtacl  to 
f/lDO,000  there  t  1.;  tba  frequeacy  of  tba  al^ol 
to  be  asaaured.  If  the  period  la  dreater  than 
f/l00,000  the  preelaioa  la  enhanced,  1-e.,  coceit- 
ln(  loco  eyelet  of  a  2000  epe  ildnal  dtrea  a 
raadlnd  precla,oc  of  epe  while  cownUac 

2000  cyclee  of  l  2000  epa  elgoal  dlrea  a  readily 
preclaloo  at  'f7J^  aye. 

Tba  aualyala  of  data  fmea  aavcUtta  paat  a 
Indicated,  Id  am  eaaaa,  an  RK)  raadoea  acattor 
of  aa  Bucb  aa  }  cqrclaa.  I>e-  tbwq^  tnen  waja 


tsscRimoa  cr  dofldc  statiob  cgkpf’T 

A  blocb  dladraa  of  the  baalc  Doppler  e 
Ute  tracXlr^  atatlno  la  abown  In  rieqre  1.  Tbe 
dlafiaa  abewa  tba  oyetea  ae  aet  yp  for  a  aatelllta 
tnnaadttlbf  at  lOS  ae;  bowavar,  any  fraquaney  can 
readily  be  accconodatad  by  aaraly  fbandlr^  ana 
local  oacUlator  frequaney  and  oaa  tf  aiqllflar 
circuit  In  tha  prcaa;^rtcr.  The  tracUc^  atattoa 
at  Aberdeen  la  preeenULy  equipped  with  foto-  aueb 
cbauncla  of  cqulpuent  clvl^  It  tbe  capability  of 
tracUnd  on  acre  tbao  ooc  frequeocy  for  aateiutaa 
carrylnc  •  aultl- frequency  trmnoaltter. 

A  brief  deacrlpUoQ  of  acaa  o.*  the  Individual 
ccarpooente  of  the  oyalJM  and  Uaelr  appllcatlca 
folJowa: 

J.  Tladi^  dyam 

Tba  tlalod  ayatca  la  ccaq«aad  et  a  Borf  lOO 
kc  frequaDcy  'andard,  tbe  output  of  wblcb  la  fad 
to  a  tiaa  eoi  d*tcrator  whlcb  cooverva  tha  100  ka 
^  ooe  pel  aroood  tint  pulaea.  Tha  otia  per  aacooA 
ilaea  are  fed  to  a  clod  aod  e/ochrvoliad  with  a 
cine  alcnal  received  froa  WWV.  All  uf  the  rcodor- 
recorder  C'tultaaot  le  coutrollrd  by  qhe  clock, 
tbun  ajmel  ruliatloa  wf  all  aaaauraaaot  and  raad- 
out  data  la  oaeurad- 

2.  MIL  Tracklnd  FUter^ 

Tbe  tracklDd  filter  preaeatlj  la  uaa  ta  tba 
Model  b  |hae«-lochrd  filter  available  frcai  tba 
Tnteretate  Zlectronlce  Corporation.  A  vary  baala 
block  dloeroa  of  tbe  trackl-;  filter  eyetea, 
arUrocted  froee  befereoca  z,  obovn  lo  fldura  1'. 


1.  T.  W.  diehard,  KU,  MBBOrandiea  Faport  Ho. 
UT>,  October  195»,  'DOtOCC  Trockln*  niUr". 
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PiacuBaxov  or  tbb  monmcAL  cAPABiLmn 

or  TIDB  TiUCifaJIO  nXAA 


It  li  ft&  elcctro&le  b«ed  TXltar  taA  tkt  fll«» 
terli^  action  !■  obtalaed  tb»  um  «f  a 
«ootx^>lled  oaclXlAtor  It  cwrrvlfttoA  «r 

looted  to  tte  Ifiput  frequency*  TTnekUr 

le  aceo^pllthed  vitb  en  electronic  eereo  tgretm 
detiened  to  nete  the  volteAe  controlled  oeclUe^* 
tor  roUov  tte  verlattone  of  frequency  eod  tH\m 
of  ite  Input  el^cnl .  Severel  ftitor  bneteldtte 
ore  evtUehle—^.^,  I,  2.5,  10,  2$,  Md  ^  cpe- 
Tbe  Icuer  the  bez^uldth  the  greeter  6/>  1,^  iwn 
■ent  of  the  filter  it  obtJLiiied}  hoMriiig,  tte 
Mtecr  the  te&dwidth  the  ftreeter  znte  of  cMate 
of  frequency  of  the  input  tlquel  eu  bo  tnlem* 
ted.  8ooe  coBpracil»c  mutt  be  code  cm  filter  beed*- 
width  depeodls^  on  tte  eberecterietica  at  tte 
tl^Enel.  The  bandvldth,  houerer,  eee  be  ***«*^^j 
adjutwd  and  can  be  chac^ed  during  actual  Inch- 
lag  without  loelng  lock  or  introdecind  encee>five 
phete  trantlenU  into  tte  data* 

3*  Coeputinj^  Digital  Indicator  and  10  me  Comitce 

The  cooputlng  digital  indicator  le  a  Dyetc 
2^00.  It  It  a  vertatile  piece  of  equlpaent  wblek 
in  Its  application  In  tte  DOPLOC  tyttem  eervet  a 
dual  roIe->-ea  a  counter  and  alao  at  e  tale  for 
the  10  ec  counter  which  it  a  Bewlett  Paeterd 

If  a  direct  frequency  teaturttteni  it  to  be 
■ode  tte  Dyxec  It  controlled  by  tte  clock  cot  per 
tecood  tlee  pultet  and  countt  tte  ntaber  of  Do^ 
pier  eyelet  bctveea  two  tuccettlre  tiae  pnltet 
and  then  ftedt  itt  output  to  the  digital  printer 
which  le  a  Bewlett  Packard  aodifled  If 

an  indirect  fraqwoey  neaturceent  (period)  it 
desired  the  neater  of  Doppler  eyelet  to  be  eer^ 
pled  It  eet  in  tte  £y»c  and,  or  coeetod  fren  tte 
one  per  teeond  clock  pulte,  opeoe  a  gab*  to  tte 
Hewlett  PackaM  10  ec  counter  on  the  liret  Dop- 
pier  cycle  crottover  following  the  eOHMad  end 
cioi^t  the  gate  on  the  last  Doppler  cycle  of  the 
ficnber  eelected.  Tte  output  of  tte  10  ne  cowter 
It  ttea  fed  to  the  fitwlett  Packard  digital  pria> 
Ur. 


Reference  1  tiaUe  that  tte  algnal.>to-&clee 
in^roveaent  by  tte  treekiJOg  filter  It  that  of  tte 
theoretical  ratio  of  input  nolte  baadvidth  to 
tracking  filter  bandwidth.  Bxpreteed  at  S/l  voL- 

tagi  ratioa^ 


IXxtout  S/N  •  Input  B/U  /  "input  (l) 

where  le  the  tracking  filter  bandwidth  eoA 

B^oput  1*  IBe  ooiee  bandwidth  of  tte  input  tlgnal^ 
Tte  tteoretical  tlgnal^to.nolte  inprovtoent  by 
tte  tracking  filter  it  ahevn  In  figure  3*  It 
relatet  tlgzml-to-DolM  liQux>veaent  to  tte  track-^ 
log  filter  bandwidth  for  tewral  input  aoiae  hand- 
%rldtha.  By  teiklog  the  output  from  the  reitagi 
coDlxoUed  otcillator  tte  output  peak  eopJltuda 
of  tte  filter  It  conetant  and  ifidependent  of  tte 
iivut  elgnal  level.  Tte  filter  effectively  coa* 
verte  tte  aaplltudc  nolee  cemponente  of  tte  input 
to  phaee  xMiee  or  Jitter  at  tte  output.  It  le 
ebown  lu  reference  1  that  the  fOC3  output  phaee 
Doiae  In  radiane  *e  l/  V7  of  the  RMS  input  solae« 
to-6tgnal  ratio  aultipUed  by  tte  aquere  root  of 
tte  ratio  of  tracMng  filter  bexidwldth  to  in^zt 
ooiee  bandwidth,  l.e. 


where  •  am  output  phaee  jitter  in  radiate* 
Solving  equation  (1}  for  tte  Input  11/6  ratio  end 
auhetltutlng  lo  equatioo  (2)  we  have 


‘*F)0 


output 


(5) 


The  Hewlett  Packard  B  ID  me  cmatcr 
derive!  Its  bavLc  freqxiency  froa  the  Borg  106  be 
freq^^ncy  etazilard  lo  tte  timing  eystee  and 
InteroaUy  auitlpUe!  thle  up  by  a  factor  of  iOO 
yielding  10  ac.  It  ebould  be  noted  that,  le 
aekifg  the  period  aeaeureaent,  tte  ni^mr  of 
cycle*  to  be  Bclected  by  the  p^mec  2^00  le  cem- 
plctely  cLTbltrary  and  can  be  act  at  aqy  ooowta* 
ieot  value. 


Since  thie  pbaee  Jitter  ccs  be  expected  at  both 
ends  of  the  measuring  interval  we  find  it  accee* 
aary  to  nultlply  equation  (^)  by  the  V?  and^ 
for  cooveolrnce,  ve  convert  from  redlane  to 
cycles  by  dividing  by  2k*  The  cquablovi  then 
beesmet 


•  •  1 

2e  (S/B) output 


b.  Hewlett  Packard  DlEl^^l  Printer 

Tte  Bewlett  Packard  aodlficd  36O-A  digital 
printer  le  utilized  to  furnish  pz^ted  output 
data  at  a  function  of  tle^  cm  paper  tape.  TW 
printer  tea  mn  eleven  digit  capacity.  Wbee  a 
direct  frequency  weeeureseot  le  tede  elm  ef  tte 
elcTeu  digits  are  u/.«d  to  record  real  Um  in 
hours,  aloutea,  a/«l  seconds  ate  the  ramilnTnt 
five  digits  record  f'’equebcy  data.  Vhem  tte 
Indirect  frcq'.*ency  aeasurement  Is  aede  and  It  la 
deslrvhle  to  record  the  tlae  period  W  the  aaar- 
est  tenth  alcrooecote  it  becomee  ueceeeury  be 
utillte  seven  digits  for  the  data  aeaearcMst 
which  leaves  only  four  erelXable  for  reml  llwe.*.* 
Minutes  and  secctes.*>-and  the  atatloa  eperbior 
vrius  ia  tte  hours. 


vterc  is  tte  BK?  phose  Jitter  at  the  output  at 
Vm  tracking  niter  expressed  in  c/eles*  fteee 
Jitter  is  eq  al  to  frequency  Jitter  Id  c/clae 
per  second  vnen  tte  Integrstlrg  period  i  .  equal 
U>  ooe  second.  In  order  to  aeke  cquatloc  (H) 
applicable  to  acy  Integrating  Interval  aod  to 
express  the  results  ae  frequency  uncertalaty  Urn 
equatioo  le  rewritten  ee 

‘  Tirijr  i» 

^  OutjTJt 

'^re  e^__  !•  Um  Wtl  freq^ncy  orror  Im  cyelea 
ptr  second  and  (6/fl)outp'it  is  sxpreseed  in 


CKPiniCAL  RESUIXS  AID  CtMFAJtlSOII 
VUE  TBEOimCAl.  CAIOOLMZD  Rzsum 


taa*  ivUo^.  V(  o&U  l/2<  tia  UasontlMl 
elalOB  conetBot  for  tl«»  tisekliic  fUtor.  K* 
k  ■how*  tl«  tbcoratlcBl  eBleulmtoA  fOB  froqim  ' 
•rror  ud  Uw  tboorotlcBl  output  (tCDBl-to-iielM 
ruUo  is  db  u  ■  fisKtloa  of  Isfut  sl^osl-ts- 
B9ln  cstlo  for  thxuu  trucklsc  fUtor  k«iidifldU»s. 
..1,  io,  and  50  epo — -sad  s  20  ke  Isput  aelM 
bsoduldtk. 


rrqmrpTTfa  or  nMStaKI  mSUBMVT  BOIB 

In  conductlnc  tiw  scttwl  frcfutnigr  Btuuiu- 
BCBt  test*  vmm  slsor  vurlstloo*  ner#  tde  Is 
tbs  DOPLOC  IsstruMtntstlOB  systss.  A  block  din* 
grts  of  tbs  test  **119  is  sbovn  In  Fl^ur*  Tbm 
teslc  W6»  derived  fros  a  Robde  and  Schwara 

Matol  XUA  S*^kkA62  f^.'^msey  «yntbs*laer,  fed 
directly  Into  tb#  eouater-reudout  syates,  and  it* 
fTequency  recorded.  Tbs  saint  signal  Is  slnd 
wllb  oolaa  (seoerated  by  a  Ocxksral  Radio  noise 
eeurator  and  tbs  resultant  noisy  signal  passad 
tbroi«b  tbs  tracking  filter,  tben  througfi  tb* 
counter-readout  systen,  snd  lU  frequency  recorded. 
Since  tbs  teo  couoter-rccordcr  eyetess  are  eys- 
cbronlsed  in  tljae  asy  drift  io  tbs  original  fre- 
qirncy  will  be  of  00  cooaequenca  in  the  analysia 
of  tbe  dsta.  Tbs  frequeocy  seaourcnent  of  tbs 
Input  dsta  waa  conaldered  aa  a  standard  and  tba 
resldisla  and  an  Ri6  error  were  oosputed  for  tba 
trackli^  filter. output.  AJLl  of  tbo  teat  nsoa 
were  mde  with  a  20  ke  Input  oolae  tsndwldtb. 

Input  frequenclea  of  2,  k,  6,  fl,  and  10  kc  were 
uaed  at  two  tracking  filter  b4ndwldtb*---10  and 
^  cps.  Tbe  seaaurescnt  sod#  wet  an  indirect  fre¬ 
quency  (period)  seneurenent  and  tbe  nissbcr  Of  Dop¬ 
pler  eyelae  selected  to  aanple  waj  cboten  ao  that 
tbe  Integratlrwi  period  was  on*  seeotid  for  tb*  sakn 
of  slsplictty  In  tbs  ccupntatlons.  A  siMSry  of 
tbs  test  runt  sade  is  clten  ia  tbe  following 
table: 

Treqxjeocy  Input 

_ 

2,k,6.«,10  ke  0 

-  .6 

•  -12 

-Ji 

•  -2k 

A  total  of  l.'ty  tests  ears  aadc  sod  -be  duratloi 
of  escb  test  was  between  three  sod  four  alnuUs. 


Tracking  Filter 
Sandwidtb 


10,  yo  cp* 


tVoodvard  and  Gabor  glee  a  s,sllar  generul 
relatloceblp  for  Tr-ouency  imcerlelntj’,  OF  -  1/ 
tl(S/»),  where  GF  1*  tbe  frequency  ancsitaietj, 
t|  Is  tbe  Integrating  period,  and  l/l  l«  eepreeaed 
In  milage  ratios.  Radar  detlgners  bare  tbelr  own 
e.allar  equation,  At  -  ,7B^(8/i),  wl  sre  At  le 
reirstod  to  renge  Jitter,  W  le  tba  bsoOwldtb  aud 
li  related  to  Integrating  tine,  and  8/F  la 
eip.-eBs*d  In  ><.ltago  latloa. 


Figiae  6  ahowi  tba  fiequancy  acattar,  cr  OS 
dlffarenca  between  the  Input  frequency  and  tbe 
output  frequency,  ae  a  function  of  tin*,  for  • 
eaaa  where  tba  Input  frequency  waa  10  ke,  tbo 
Input  algnsl-to-nolta  ratio  Ms  -ifl  db,  and  tbo 
tracking  filter  bandwidth  i«*  10  epo.  PaoK 
excursion*  of  D.I6  ep*  are  observed  and  for  Uls 
particular  test  tba  RMS  frequency  orror  is  OU92 
cpa. 


Figure  7  shows  a  ccoparlsoo  of  the  a^lrlcal 
results  and  tb*  results  expected  baaed  on  tbeaxe- 
tical  calculations  for  all  of  tbe  test  nsis  aads 
with  a  10  epe  tracking  filter  bandwidth.  WO 
frequency  error  in  cyclaa  per  second  and  oiitprtt 
slgual-to-nols*  letlo  In  db  are  related  to  tb* 
Input  Blgnal-to-DOlse  ratio  la  db.  Curve  A  ebOTS 
t  iv-  esptrlcal  re  suite  while  curve  B  sba>*  tb* 
resulte  bsacd  on  theoretical  calculation*.  It  Iq 
noted  that  the  R>6  frequency  error  le  highor  by 
about  a  factor  of  two  than  tboa*  axpected  fna 
tbec.  cal  calculatlona  and  that  tbe  eopiricaX 
ot  gnal-to-nolee  ratio  la  about  6  db  bel»r 

tb  -^tlcal  valuta. 

Figure  8  shows  a  similar  ccoparlsoo  for  all 
teste  run  with  a  50  cp*  tracking  filter  bandwldtb- 
As  expected,  tb*  accuracy  of  tbe  ftequancy  oes- 
surcaent  la  lessened  with  a  50  bandwjdtb  biB 
what  1*  even  ooie  significant  I*  that  tb*  ebpdil.- 
cal  result  In  KK>  frequency  error  le,  again, 
larger  by  about  a  factor  of  two  than  tboss  oayee- 
ted  froo  tbeoretleal  calculaUosa. 

DISCUSStO*  OF  DlHCflS  II  ACTUAL  Fmi>  OAIA 

It  waa  wntlooed  ta  tbe  Utroductory  1  sailio 
that  tbe  RMS  randoo  scatter  la  data  received  froo 
actixkl  satellite  passes  bad  been  observed  to  ho 
as  greet  ae  5  cycles.  Although  ao  Inteaalvo 
etudy  tee  been  nods  of  setuel  seteiltte  date  for 
tbe  purpose  of  enelyzlng  the  randoo  seettsr.  tbo 
general  observation  te*  been  aede  that  tte  eeattev 
1*  lesa  for  satelllt**  ttet  peas  nearly  over  tbo 
receiving  station.  In  sddltloo.  It  appears  la 
geirral,  that  tbe  scatter  Is  less  for  satelUteo 
which  have  nearly  clr  lax  orbits.  It  appoara 
ttet  tte  conclusion  can  be  drmvn  ttet,  to  a  lar^ 
degres,  tbe  randoo  scatter  la  actual  recorded 
satellite  data  1*  a  functlaa  of  propagation  pbm* 
oeoa.  It  should  be  noted  ttet  raodco  scatter 
could  be  introduced  to  sooe  extent  as  a  result  «C 
sateUlte  spin  or,  to  a  soarvtet  less  degree,  eo 
e  rccult  of  lastablllV  khc  satellite  traoe- 
klttsr. 


COICLUBIOB 

All  of  tb*  tests  snd  tb:  results  preseotsd 
were  obtained  with  tracking  filter  bendwLdtba  of 
10  snd  50  cps  for  convsulcnc*  lu  perfornlog  the 
tests  snd  toss  slight  gain  In  alapUclty  of  self 
latluDS.  Rovrver,  in  practice,  a  very  lams  paw. 
ccotage  of  data  frcei  actual  aatellit*  paaaes  hoo 


km  asttered  xulo^  •  J  eps  trseklag  nitor  >>«ik. 
«Utk.  Ttila  colMuicci  tlj*  Kcvnep  ot  Kba  tj%- 
fwacy  atexureBeni  bj  about  2)  parecnt  ovar  that 
dxoBstzatsd  Tor  U»  lO  cpa  baaSutdth. 

n*  rsct  Uaat  tbe  caplrloal  rcMlta  cbou  a 
2  «•  1  ralatloaahlp  la  accuracy  with  tboaa 
aMalnad  b«««d  oo  tteoretleal  ealcvlaltooa  la 
aalthar  aurprlalOf  oor  dlaoouraclj^  It  la  felt* 
litatrail,  that'  tfaa  rcaulta  ara  aoat  eacoiira4lac. 


Om  Aaea  bMa  a  tmteoey  to  barcaii  aaoplelcMta, 
fcwaur,  i*as  ttep  obtala  a  lack  et  acmsarlaem 
Igr  alaaat  axctlj  a  factor  of  too  aod  pro- 
aaot  caaa  aoa  aa  axoaptlca.  Tar  tka  piirpaM  at 
Man  taata  tba  tbeorp  baa  baao  aceaptad  at  foeo 
aalua.  Ska  o^irtcal  reaulta,  rafar&lau  of 
tbclr  lack  of  i^iaaacot  wltk  tkaoratlcal  eale*- 
lated  rasalta,  ap^^k  for  tfaraeelaaa  aoA  a  kl^ 
Oacraa  of  paartalnn  baa  bcca  eaklbited  la  — *^-t| 
fra^pBBCjr  aaaaraaaota  of  aolay  Dopplar  at^mla. 
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I0«  MC  OOn.OC  9TATKM 
BASIC  DOPPUn  UTCLUTE  TftAOCMB 
STATION  USING  BXL  TRACKING  FILTER 


FMURC  I 


meucNCY  acArTtN  (cm) 


DOPLOC  STATION  EQUIPMENT  AS  USED 
IN  FREQUENCY  MEASUREMENT  TEST 


COMPAR/MM  OF  CMFIRtCAL  RCMILTS  OITM 
CALOULATKNM  MSCO  ON  TNCONCTICM. 
ASSUMPTIONS. 


INPUT  8I6NAL  TO  N0I8C  fUnO 
VN 


OUTPUT  SISNAL  TO  NOISE  IUT» 
AMO 

RMS  FREQUfNCT  CRRON 
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MggftCI 

IMs  preaffot*  o  detailed  analytlt  of 

Uie  output  al^^'to-Doiet  ratio  for  a  correla* 
tor  coaoiotiD4  of  o  nultlpUer  folloved  tf  an  K 
avera^r.  Both  tte  AlgnaX  tod  the  nolee  are 
a»¥\»6d  to  be  teod'liinlted  fimcllona  vltli 
Omeelan  aapUtude  dletrihiitlon;  but  oo  reetrle- 
tlooe  are  Ijipoaed  oo  either  the  Input  elgnal-to* 
Dolee  ratio  or  the  product  of  the  bandwidth  aod 
the  tlae  cooataot  of  the  avera4«r.  A  faaUij  of 
eurvee  are  plotted  relating  output  and  input 
al9»aI*tO'-DOifte  ratloa  for  valuea  of  rtmgtn^ 

free  0.1  to  100*  Ihe  dependence  of  output  ai^ial 
-to-nolee  character! etiea  on  the  relative  valuea 
of  bandwidth  and  center  fre^Nhency  is  dlecueaed^ 

irmoDucnw 

One  of  the  aoat  iaportant  aeasarea  of  the 
efficacy  of  correlators  a«  aignal  detectori  la 
the  output  signal' to-Qolee  ratio.  Because  the 
averaging  period  la  a  practical  correlator  caa 
Dot  be  iofinitc^  a  fluctuating  conpooeot  about 
the  desired  correlatlOQ  function  appears  at  th* 
out  «jt  aa  noise*  lisfc  neaa- square  output  signal- 
to-ouls«  jatlo  can  be  defined  cs  the  ratio  of  the 
squax^  of  the  desired  eorrelatioo  functlco  aod 
the  aean-aquare  noise  when  there  Is  no  relatlvo 
delay  at  the  ioputs*  In  geaerolf  the  output 
sltpuO.'to*ooise  ratio  of  a  correlator  depends 
vpoa  the  input  al|pial'to-nolse  ratio,  the  center 
fr-*queocy  and  bandwidth  of  the  input  signal  and 
noise,  aod  the  tiae  constant  of  the  averager  In  a 
co^illcatel  W17* 


otmvr  s/n  la  nms  or  cofootAnoa  nnenon 

The  block  dlagraa  of  a  correlator  with  two 
inputs  is  shown  in  Wg.  1*  Ihe  wavefor*a  at  tha 
inputs  to  the  ■ultlplier  ara  repreaeoted  tqr 

INPUT  I  INPUT  2 


OUTPUT 

0(I,3C) 


flgi  1‘-  dlagraa  of  a  correlator 


f.(t)  and  where  e  is  the  Uae  delay*  If 

bit)  is  the  lopulae  reapooae  of  tha  averager,  lhe« 
the  output,  0(t,t),of  the  correlator  caa  be  writ- 
tea  as  a  convolution  lotegral  aa  follovs: 


Kirb  work  baa  been  done  oo  the  analytical 
calculatloQ  of  si^ral-to-ooise  ratio 

of  correlators. ^he  work  by  Farao 

aod  Hlils^'*  was  p^^^^'^^^arly  coeiprebeoslve* 
IkJverer,  with  a  view  to  sicplifylog  arAlysia,  the 
aasxKplloo  is  usually  made  that  the  tiae  coa- 
staot  (RC)  of  the  averager  la  wery  large  In  cob- 
parlsoQ  with  the  reciprocal  of  the  bandwidth 
(l/rif)  of  the  signal,  vtth  this  sssuaptioa  the 
dependence  of  the  output  slgDol-to-nol  se  ratio 
cs  the  cecter  frequency  Is  lost*  Also  lacking  la 
the  iE^oroatioo  aa  to  how  large  the  product  RC^ 
■uat  be  in  order  that  the  calculated  values  fr^ 
alap)lfled  aiialysea  would  represent  good  approx- 
iiBUooa* 

Ibe  restrictloa  od  the  value  of  the  product 
TC/if  is  rc9cnred  In  this  paper,  and  a  general  ex- 
presalon  for  the  output  sip.al-tO'aolsc  ratio  of 
a  correlator  consisting  of  a  oultlpller  folloved 
by  tic.  K'C  averager  la  obtained*  The  quantity 
iJ:cX  in  the  expreesioo  aa  a  p&roaeter, 

aod  th«  dcpcndcoce  of  the  output  algnAl-to-nolaa 
ratio  on  the  ccuter  frequency  la  placed  la  rrl- 
dcDce*  Ibe  conlitlosa  under  which  the  signal- 
tO'noiae  ratio  at  the  output  will  be  Iiigbsr  thaa 
that  at  the  Input  ara  also  abown* 


oCt,T)  r^(t-t‘)  f2{t-t*-i)h(f  )df  (1) 

the  sean-aquare  value  of  0(t,T)  ia 

_  m  w 

4t"  (2) 


where  the  overbeiid  bar.  Indlc.te  tl*e  ever.,... 

Tot  Injm'e  with  .  Ouseiu  dletrlbutloo  the 
•veraged  qualrvrple  product  In  the  IntcgrMd  cu  be 
expreeseil  In  teree  of  nutocorrcctloa  function. 

Bj.  Md  Bgg,  wjd  croe.-correlntlon  functlso. 

Kquatlo*  (2)  bccoae. 

_  m  m 


♦  Rj^(t’-f*-i)B2j(f-t'»ejb(t')h(t-)dt'dt- 

(5) 


i 

\ 
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If  «  trmiiafara*4  welgtiUnc  nactloa  ..  )  la  Aa> 
nue4  ruch  Uiat 


tka  l^iilia  reapooaa  la 


«(*)  .  J h(t)h{t+»)4t  <%) 

Bq*  (>)  reducible  to  tho  foIXoirin^  forai 


k(t)  -  ^  a‘*^"^  .  t  >  O 


-  O 


,  t  <  0 


<i») 


0^(t,T)  -  ♦  J *<(»)  rRj^(x)ll2j,(«)  ♦  RgjCx-f)!** 


(5) 


Eqv\olioa  (^)  expr^fioet  the  output  of 

the  correlator  ao  the  aua  of  the  equare  of 
deaircd  correletloo  fUsct^oo  (the  ei0ULl)»R.2(^)* 
end  e  neen^equere  noise  ten.  The  output  sigrtel** 
to*Dols<  ratio  of  the  correlator  for  an  arbltrery 
tlee  delaj  j  li  theft 


Oalfeg  Iq.  (^)i  the  treftsforfted  iwl^tlim  function 
V(x)  la  enalXj  found* 

(10) 


Equation  (6)  i«  e  general  exprctaloa  for  Oauaataa 
inputs;  oo  restrletlons  have  jet  been  Icposed  on 
the  frequeocj  apectra  of  the  loputa  or  oq  ti*e  re* 
apOQse  characterlatlcs  of  the  avera^era  Vlth  e 
■  et  to  tero  (asudjaua  ae4a>aquare  output  slgDal)^ 
Sq«  (6)  reducea  to 


(-)  • 


"L<°) 


f  ’'(*)[*u(*)''22(*)  *  Ri2(*)^2i(^)]^ 


<7> 


CBARATtgugnca  or  b-c  averages 

Consider  the  slftple  R-C  aeera^ox  oetvork 
lo  llg.  2.  'Oke  transfer  function  h{Jw)  la 


o— >AAAr- 


=i=c 


Tit.  2  -  A.  tlapla  R-C  tYmrtffW 
rtadll>  aecQ  to  b« 


■(**)  *  ro3c 


(8) 


Graphical  plots  of  h(t)  and  W(x)  are  abown  la 

ng.  5. 


<b) 

Big.  >  •  b(t)  and  U(x)  of  alapla  R-C  OTencar 

anvr  a/s  tor  BASh-uiGTis  sickal  aid  inisg 

Lrt  It  be  oaauaed  thatt 

1*  Both  the  aigzkal  and  the  aolae  are  oauaalaa 
■ad  possess  a  rectangular  apectrua  of  half* 
width  hf  centered  at  frequeace  f^o 

?•  Ttm  algnaia  at  the  two  ?Dputa  are  coherent 
sad  each  baa  a  nean-square  walue  a^« 

3*  Iba  Boises  at  the  two  Inputs  are  uncorra* 
la  ted  aod  each  baa  a  aeao-square  ralua  B^. 

Ohder  these  coodltloos  the  eorrelatlcn  functloia 
bMW 


'•  • 


CO.  acr^.  luj 


R^(.).R2^(x)-8^  CO.  (1*) 


SubatituUdc  Bt..  (10),  (11).  ud  (l2)  In  >(.(7). 
aom  obt4iiM 


.  W- _ 3- 


1  3 


«  • 


.•  « 


J  *  \  2iUif* 


CO.  3tcf  X  ]  dx 


1!b«  eraluftUoD  of  t.be  iot^gral  iQ  (l%) 
!•  tediotUo  but  It  can  doae  %ith  Um  *14  of 
•wlloble  toblei-(^)  Ibe  floia  result  Ic  flova 
belovt 


Ut*  output  »lgii4l-to-nol(.  ratio  la 

plotted  verm,  the  ratio  of  the  ocmt  .ijmw 
•Igcal  to  aeaA-eiiuxre  ooiee  (S./ll  )  la  fls.  % 
uaiag  the  product  {Chf  ae  a  panaeter  for  the 
caaes  vheo  f  •  100  Of  (8  -  100  ^0)  ead  «*(• 
f  -  .If  (8  •  oa).  It  1»  «een  that  1»- 

c9caae«  aSaoet  ae  the  aq^iare  of  (8^/8|)  ^ 


a(^xaBM)  1 1  ♦  (hxICf^) 


1  -  (VxBCOf)*  1^1  e  (haRCr^)^j  ♦  (hxBCf^)^  ^2  ♦  (hxltcr^)^j 


2(hrfcr  )  'IxBCAf) 


^  1  ♦  (hxBCOf)*  Jl  -  (k.Bcr^)^j  ♦  (halCfp)*  ^8  t  (hxICf^)^J 

j  1  ♦  (VaBC)*  (r„**f}®  ■) 

**  1  ♦  (r  -of)^  J 


CalUac 


00  >  HxflCOr 


f  •  hxKf 
o 


aod  mhatltutlxf  Eg.  (l^)  la  Eq.  (1?), 
floalljr  ha. 


la  about  6  db  belov  tha  level  of  >,•  da  tha  la- 
put  QOlee  dlrdalthea  relatlva  to  tM  alqiaal,, 
(s/b)  IncreaBeo  nora  elovlp  with  (S./B,):  Met 
for  rSalOi  Oaueelao  alhnal.  the  output  aisMl- 
to-oolM  ratio  or  the  correlator  approaxftea  a 
aaturatloo  leml  eves  when  the  Input  aolm 
dlBlnlebee  to  xero,  Ibe  aaturatloo 
there  la  so  nolaa  at  the  Input  of  courae  8rpei»la 
upoe  ths  relative  values  of  thv  olsoal  taad- 
width  and  the  paeabaad  of  tha  •'nn^er,  heaca 
oa  the  product  RCtf. 


• 


.•  • 


•  • 


•  _  • 


•  • 


•  • 


9m  er*re»  In  Rf.  k  •Ino 
put  nl^l-to-nolnn  chnmcterlntlca  or  •  eorm- 
i»t4>r  neptfMl  upon  Um  center  fre<iuMC7  f  nnleM 
the  protect  RCtf  le  (renter  thnn  or  e^ml  to  L. 
ne  uotlar-elope  line  it  n  linn  of  ilrnnrrntlaa. 
talnta  Ulac  nbore  thin  Uoo  repreeent  coodtUoM 
UBaer  enidi  the  output  elgnnl-to-K>lee  ntio  tn 
hlifher  Um  the  input  tlgnnl-to-ooieo  ratio*  9Un 
(i^^iutrntce  clenrlp  ooiee- reduction  enp* 
nhllltlee  of  ccorelntorn* 

Too  *1.^0101  cktet  nre  of  pnrtlculnr  Intnrent. 
They  nrei  (l)  te  »  X  nnd  •  »  £»,  end  (2) 

^  »  1  and  O  •  the ee  two  cneee  nre  et- 
nalocd  below.”  It  le  noted  thnt  the  coadltloa 
^  »  I  Is  nrproxinntely  e^ulwnlenl  to  the  m- 
VilreMsit  RCdf  >  1* 

(1)  ^  »  X  nad  9^  »  dt>  (RCOf  >  1  nnd  f^  >0^). 

tlodrr  these  cocvUtlou  the  socoDd  sod  third 
tersM  la  th*  denoalaator  of  th«  cxpressloa  lulda 
the  curred  brsckett  of  Eq*  (ifl)  spproilnntely 
cnocel,  the  fourth  tern  vnnlthee,  nod  the  first 
tern  le  the  only  effective  tern  which  le 


tea  ^  dfl  *  ^2* 


Equation  (iS)  reduces  to 


{|)^  -  fiRChf 


(19) 


ehlch  becoaec 


(2)  5  6Ke£  (,~f  ,  when  (^)*  «  X  (l^) 

■  o  "j  "l 


r5j  .  r  SRCdf  _ ] 

■  *  (l*8j/«j)®e(5^/E^)' 

(ao) 


In  ei^nrlsca  with  Eq*  (X9)i  the  eoefflelent  In 
Bq.  (20)  le  X.OOeCanctf  >  then  RChf  -  XOO,  end 
l.aB2(8l«Chf}  whcc.  tCtt  >  1.  Umh  RCOT  <  1. 
neither  Eq.  (19)  oar  Bq.  (20}  represents  n  good 
npproxlnntloa  for  the  •snemX  expretsloo  In 
Bq.  (Ifi). 


BractBsiai 

A  (eneml  .'orsnln  espreesing  the  output 
ei0Ml.to-aoiee  rntlo  of  n  correlator  In  terat 
of  the  input  slgoal-to-uodee  mtlo,  the  center 
frequency  nod  bandvldth  of  the  liqsrt  el0ml  end 
noise,  end  the  tine  censtent  of  the  nvemger  has 
been  obtained,  loth  the  slpial  end  the  noise  nre 
aesuncd  to  be  Onuesieo  mndcu  functions  end  to 
have  a  band-Unlted  rectnngulnr  frequency  spcc- 
truou  Eowevcr,  the  fonnilt  bolds  spf  roxlnntely 
true  also  for  snail  nrMtrmiy  signals  In  the 
presence  of  Qsusslso  nodes  of  high  spectral  den- 
elty.  The  output  elgnal-to-noise  ratio  In- 
ereasea  aOnoet  as  the  square  of  the  loput  slgual- 
to-aoise  ratio  when  the  Input  slgsal  la  weak 
conparcd  with  noise,  and  It  appxoeehee  a  eatum- 
tloo  level  as  the  nolee  at  the  Input  dlalnlsbcs 
Coward  tero.  The  dtpeulencc  of  the  outirut  tig- 
nal-to-noise  ratio  upon  the  center  freqvieney  f^ 
and  the  product  BCOt  la  enadned.  It  Is  feuDd 
that  as  lo^a  SB  BCOf  le  greater  than  1  approd- 
ante  forrAilas  appeared  In  the  literature  give 
good  rcrulte  and  center  frequency  f  has  Uttla 
effect.  Bervever,  the  effect  of  f  ai  output 
slpial'to-Bolee  ratio  can  not  ba  heglccted  idica 
the  product  BCtf  Is  ennU. 


said 

(2)  ar  iRChf 
'«'o 


Wheo  1 

■i 


(19b) 


(2)  a>  »  1  and  (HCdf  >  1  and  f^  -  hf). 

to  CSS'S  (1)  tJw  first  t^ri 

spproxljiBteljr  equips  iv*2»  tb«  s«coc4  sod  third 
tenw  esoMly  but  ths  fourth  tcj»  ao  Innytr 
smalsbes* 


, - 2 -  ,  ^a(a»)^-  ^n/ac* 


Equation  (IB)  becoase 


(1)  M.  Thao,  "Slpea-to-Eolae  IMUo  la 
Oorrclatlon  Detectors,*  WT  Besearch 
Laboratory  of  Klectronlcs,  T.B.  Bo.  l86| 
yebroaiy  19,  19^ 

(2)  ¥.  ».  Davesposl,  Jr.,  •Correlator  Ei'iois 
due  plnlte  Observation  Interrala,* 

KIT  Besearch  laboeatory  of  Electrosilcs, 

T.B.  EO.  191;  Ihrch  0.  19)1. 

(3)  J.  J.  fhraa,  Ir.,  and  R.  Bills,  jr., 
"OoTTelatoTs  fm*  Iti^ial  Reception,* 

J^ouetlca  Research  laboratory,  Bax-rard 
Uolveralty,  Technical  Wraoramba  Ro.  27( 
Septcahe  1),  1552. 

(^)  A.  Srdftlyl,  V.  Rvaue,  F.  (^rhettinger,  and 
F.  O.  Trlcosl,  *Ttehlea  of  lategal  Trass, 
forms,*  MrOraw-liill  Booh  Coapeicy,  Rev  Tori, 
R.  T.  (195k). 
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F1Gl4- OUTPUT  SIGNAL-TO- NOISE  CHARACTERISTICS  AS  FUNCTIONS 


MUJTAKT  APPLICATIONS  FOR  SPMCH  COMPRESSION  TECHNlQUCS 

By:  A.  9trft»iman  «n<1  K.  C.  StocliHo0 
Communicmtlon*  Dlvitlo* 

Hoghc*  AircrMI  C«my4Ay.  Lo*  Angele#,  CAlifomift 


R»qqir»ii— at* 

IWapitatha  rftpid  progra**  b«lBg  mad*  in 
the  field  of  providijog  digital  noethoda  <4  commuM* 
cations,  h  muvt  b«  realised  that  there  will  be  con- 
tinued,  acid  even  increased^  oaage  oS  voice  com* 
municationa  throughout  the  military  complea.  Evan 
the  male  apeciea  of  the  human  race  will  not  forego 
tha  opportunity  to  "paaa  the  word.  **eorta  it  cod* 
ceivabie  that  any  General  will  be  willing  to  give  up 
hia  prerogative  for  "reading  ofT*  a  recalcitrant 
Colonel. 

It  hae  been  stated  that  military  rc<{uire« 
menta  for  communications  facilities  of  all  types 
arc  increasing  at  a  rapid  rate,  dueprimarily 
to  the  miaailc  and  satellite  applications  which  were 
nonexiatent  ae  little  aa  ten  yes^a  ago.  and  wh«cK 
are  now  demanding,  and  will  require,  more  and 
moii  of  the  available  ape  cl  rum  to  accompllah  their 
aaaigncd  taaka.  Coupled  with  the  requirement  for 
additional  coromunicattona  facilitiea  la  the  fact  that 
the  apectrum  can  handle  only  a  limited  amount  of 
traffic  becauac  of  bandwidth  reatrlctlooa.  Ocapite 
the  Inroada  made  by  digital  tecKniquea  in  the  com* 
municationa  field«  ft  haa  been eatlmaled  that  at 
leaat  SO  percent  of  all  cominuAicationa  will  ttlU  be 
by  voice. 

Since  normal  voice  tranemiaalon  occuplea 
at  leaat  a  4*Kc  bandwidth,  it  is  apparent  thatthe 
amount  of  traffic  carried  on  in  a  partic'.iar  spec* 
trum  is  dictated,  at  the  maximtim.  by  the  number 
cf  i  -kc  channels  available.  For  long  distance  com* 
muoicationa  which  uae  the  high  frequency  spec* 
trum.  we  could  provide.  Ideally  and  theorelicaUy. 
approximately  8000  voice  chanxuils.  However,  due 
to  practical  coiiaidaratione  and  military  require* 
ments,  this  number  might  be  reduced  to  between 
4000  and  COOO  chanocls.  If  St  were  possible  topro* 
vide  four  times  as  much  voles  traffic  on  the  same 
number  of  channels,  sfe  would  be  essenitsUy  buying 
spectrum,  a  commodity  rarely  put  up  for  sale; 
utiliratlooof  apeechcorapreeslon  techidques  would 
enable  ue  to  provide  this  addUlonal  capability.  By 
means  of  multiplexing  compressed  speech,  it  is  po»> 
aible  to  place  several  voice  channels  So  the  Spec* 
trum  of  3  kc,  which  Ss  the  oomlnal  baodwSdth  re* 
qulrementfor  normal  speech  aa  traasmitted  over 
existing  radio  links  or  wireline  voice  circuit  facll* 
Sties. 

Another  olr  imie  military  need  la  the  com* 
munScatloDS  fleldie  that  of  providing  proper  secu* 
rlty  for  information  tisjisfer;  to  this  end  also, 
speech  compression  can  be  ntlUsed.  To  provide  the 
beat  type  of  security,  digital  techniques  are  used. 
When  normal  speech  is  digitslised.  ths  required 
bandwidthfor transmSesioBisonthtorder  of  32  kc, 
or  an  approximate  Lncresse  of  0:1.  If  speech  Is 
compressed  first,  and  then  digitalised,  prevision 
fortranamisalonof  eacryptcddigltal  Speech  over  a 
normal  3*kc  voice  circuit  can  be  made.  Aa  addS* 
tlonal  factor  In  providing  speech  In  digital  lormle 
the  Increased  reliability  attvndard  to  digital  trans* 
mission  schemes.  Also,  s  certain  degree  of  prW 
vacy  caabe  achieved  in  cither  the  analog  or  digital 


modesoftranBitussiotib«cauee,inordcr  to  rocelvn 
SntelligcBCo  of  the  transmitted  speech,  cos  awsM 
have  the  proper  receiving  cquipmcid  docodesoi 

reconstruct  the  speech.  J 

From  ths  preceding  It  can  be  soewlhei 
epeechcotnpresstOA will allowafewof  the  roqMra* 
meats  set  forth  by  the  military  in  the  cnnii— Iils  0  ^ 

tiona  field,  primarily,  bandwidth  conscrvalloo  and 
security,  to  be  fulfilled.  Techniq'acs  toaatiafy 
these  reqtilremcnta  have  been  available  tor  some 
time;  however,  equipments  compact  eaoogh  aad 
capableof  producing  a  sufficiently  gocMl  quality  o€ 
reconstructed  speech  hav(>!  not  been  availsMo  ao 
acceptable  end  items.  However,  the  Hugheo  Air¬ 
craft  Company  has  developed  s  miniature  Vbcodor  ^ 
of  sound  quality  which  can  be  utilised  for  theabervo  V  9 

outll.wd  ntiliiary  applications.  This  equip. "Deal  will 
be  described  in  detail  later. 


Compression  Techniques 

The  word  Vocoder  is  a  contractloo  edtho 
worda  'Voice'*  and  'coder,  "  and  the  Vocoder  ayo- 
temis  an  analysis*synthesis  system  of  voice cosn* 
municationa.  Vocoder  equipments  were  developed 
from  ananalysis  of  the  mechanism  of  human  speech 
productioB,  and  serve  to  reduce  the  baadwtdkhro* 
quired  to  transmit  speech.  This  is  dune  by  devel¬ 
oping  descriptive  Bigna.ls  of  sigoificanlly  less  re¬ 
dundancy  than  the  original  speech,  while  retaining 
voice  intelligibility  in  the  reconstructed  speeclu 
The  Vocoder  has  evolved  due  to  the  resaBa  sd  xn- 
tensive  studies  of  the  production  and  physical  natam 
of  speech  conducted  by  Harvey  rietchor  la  the  aai^ 
1920'#  ax>d  by  Homer  Dudley  In  the  I930*a.  Tbelr 
investigations  resulted  ina  i^iXtt  understssdjwg  ol 
the  part  played  ia  ths  productioo  of  spescb  by  the 
vocal  chords,  lips,  tongue,  teeth,  nasal  psts^irf. 
and  lungs.  The  studies  indicate  whlcli  parts  ot 
speech  are  redundant  and  which  parts  sro  aignlfi- 
cant  incooveying  intelligibility  in  order  thM  S  gaed 
replica  of  the  original  speech  couldbe  artinciaUy 
constructed.  The  Dell  Laboratorleshavs bosa  caw* 
tlnu\7osly  involved  in  ths  adyanesmsat  of  ths  stato- 
of'^he-art  ol  speech  compression  tschtrifsas  and 
analysis,  as  havs  several  UAivsrsitiss. 
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Ths  information  In  speech  is  carried 
largely  ia  tho  varying  shape  ol  ths  power  dnaity 
spectrwxB  and  not  In  the  sound  pressure  va  timo 
plot  seen  oa  aa  oscilloscope.  In  \h%  fieri  rhanml 
type  of  Vocoder,  aa  analysis  of  ths  power  spocCrwm 
is  mafic  by  means  of  a  series  ol  bandpass  fillers. 
The eefUtars  are  selected  to  divide  the  auAn  spoo> 
trum  into  *  acljacent  bands.  An  analog  maasars  of 
the  energy  la  each  of  these  filter  bands  Is  nttelnsi? 
by  eawlops^detectlng  the  output  of  each  Cker. 
Thus,  m  analog  signals  are  developed  vhichgive 
a  rough*  faol  continuous,  descriptlonof  thsfreqseacy 
spectramof  incoming  speech.  These  are  (be  spoe- 
trum  channele  which  convey  ths  primary  Isdarma- 
tion  cosilained  in  ths  speech  Input.  Ths  Yocoder 
conlisswi^.sly  aoalyres  speech  for  two  types  mi  la* 
formation,  ths  cpectrum  chsiinol  informathsii^  as 
described  above,  and  pitch  channel  Infomstloa. 
Spseeb  is  composed  of  '‘voiced"  sounds  tad  **va- 
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rnlccd*'  •oundi;th«  voiced  eoundt  are  larynx -type 
tonea  produced  in  emittinf  vo^el  aouiada  and  are 
generated  by  the  vibration  ol  the  vocal  chorda  un* 
derpreaaurc  of  air  from  the  lungs.  Voiced  aounde 
are  compoaed  primarily  of  harmonica  of  the  fre- 
qucncy  at  vdUch  the  larynx  v. orates.  The  funda- 
meislal  frequency  is  approximately  70  to  2S0  cps 
for  males,  and  as  high  at  350  cpi  for  females. 
The  **uAVoiced"  eoends  are  the  breath  sounda  and 
are  formed  by  the  lips,  teeth,  tongue,  and  nasal 
paastges  la  producing  conaonanta.  Unvoiced  or 
conaonant  aounde  hare  no  definite  harmonic  fre* 
qucncy  pattern,  but  arc  composed  of  frequencies 
randomly  distributed  throughout  the  epectrum  and 
varying  In  amplitude  In  accordance  with  the  sound 
being  produced  Generally,  voiced  and  unvoiced 
sounda  are  notpresentat  the  aame  time;  however, 
sounds  which  do  include  both  voiced  and  unvoiced 
sounda  are  treated  as  voiced  Sounds  in  the  Vocoder 
with  very  httle  error  The  pitch  extractor  circuit 
generates  a  control  voltage  lor  a  relay  at  the  re¬ 
ceiving  end  cotujccii^jt  the  out;.-*,  of  a  'bui%  *  gen¬ 
erator.  which  serves  to  reinsert  the  voiced  com¬ 
ponents  of  the  speech,  or  a  "hiss"  generator,  which 
reinserts  the  random  frequencies  conlaic-d  in  tha 
unvoiced  sounds.  To  synlheaixe  the  voice,  a  sim¬ 
ilar  serie  s  of  handpaas  filter  s  is  used  in  conjunction 
with  the  outputs  of  the  buss  and  hiss  generators  aiiU 
balanced  n40<l\ilators  to  produce  the  reconstructed 
and  intelligervl  speech. 

There  arc  other  lypsi  of  epeech  com¬ 
pression  techniques  which  will  be  described  briefly 
Si  they  have  not  yel  achieved  the  high  degree  of 
equipment  speciiication  capahilitiea  as  the  fixed- 
chaninel  analysis-type  Vocoders. 

The  systems  that  most  nearly  approach 
the  performance  of  a  fixed-channel  analysis  Voco* 
der  are  those  of  Formant  Tracking  Vocoders.  A 
forniant  frequency  is  the  frequency  of  a  normal 
mode  of  vibration  of  the  human  vocal  mechanism. 
During  the  utterance  of  certain  sounds,  notably  the 
vov/els.thc  normal  modes  of  vibration  of  the  vocal 
system  are  manifested  in  the  acoustic  output  of  the 
speaker  as  maximum  in  the  spectra  of  these 
sounds.  The  formant  frequencies  then  are  the  fre¬ 
quencies  of  the  spectral  maximum.  The  primary 
information  aixalyxedby  a  Formant  Tracking  Voco¬ 
der  ia  the  frequencies  and  amplitudes  of  formants 
of  the  speech  input.  Such  a  system  ic  capable  of 
tra/ismitUng  the  vowel  sounds  of  continuous  speech 
fairly  adequately.  It  is  also  capable  of  transmitting 
some  consonant  inforxnation.  With  this  technique, 
compression  ratios  of  20:1  are  possible  but,  un¬ 
fortunately.  the  j.nSelligibility  as  contrasted  with 
fixed-channel  analysis  techniques  is  rather  poor; 
articulationtesta  tn^cate  scoring  of  about  65  per¬ 
cent  or  Icaa. 


charactcrietlce  are  meaaurablt  physically  and 
describe  the  acouatic  effect  of  the  vocal  tract  om 
the  scurcc.  They  vary  at  a  alow  rate  due  to  the 
phyalcal  inability  of  vocal  meebaniama  to  adh**^ 
very  rapidly.  These  low  frequency  elgnali  may 
be  transmitted  in  a  standard  manner  arid,  when 
received, uaed  to  control  a  ayntheaiaer  incorpora* 
ling  sources  similar  to  the  physical  sources  which 
produced  the  original  sound.  The  accuracy  with 
which  these  parameters  are  extracted  affects ia- 
teUigibility  as  well  as  quality.  This  system  ex¬ 
hibits  greater  inleiligibility  than  a  imre  formant¬ 
tracking  ayatr  i.,  but  the  bandwidth  it  affected 
critically  by  the  in*cUigibility  desired. 

Another  hybrid  technique  that  shows  pro* 
mise  is  a  combination  ol  fixed-channel  analyaisaad 
formant-tracking  techniques.  In  this  scheme,  per¬ 
haps  sixto  eight  fixed  channels  fur  analysis  would 
be  provided  which  cover  the  upper  frequencies  oi 
the  speech  spectrum,  plus  a  formant -tracking  sec- 
tiontoextract  irJormation  of  the  nrat  two  formaoi 
frequencies  and  of  the  amplitude  of  the  formants. 
No  qualitative  data  is  available  on  this  technique. 
It  could  be  expected  to  operate  with  good  intelligi¬ 
bility  within  a  bandwidth  of  approximately  250  cpa. 

Another  hybrid  syrtem  contains  straight 
speech  in  the  lower  channels  and  Vocoder  tech¬ 
niques  iniheupper  channels.  This  offers  intelligi¬ 
bility  on  the  order  of 80  percent  by  articulation 
scoring  but  with  a  wide  bandwidth  of  upwards  of 
800  cycles.  Straight  band-chopping  syntemS  simply 
limit  the  speech  bandwidth  by  removing  the  upper 
frequencies  with  filters.  Since  much  of  the  conso¬ 
nant  information  is  contained  in  the  upper  fre¬ 
quencies  this  system  is  very  poor  in  intelligibility. 


In  an  effort  to  provide  the  military  with 
eqi'.ipnnents  which  encompass  the  requirements  set 
forth.  Hughes  Aircraft  Communications  Division, 
hss  developed  a  Vvwuder  which  has  the  neceasary 
intelligibility  and  meets  the  environmental  condi¬ 
tions  lor  miiilary  equipments. 


Two  basic  packages  have  been  designed. 
One  is  an  airborne  Vocoder  that  operates  la  the 
simplex  mode  fsee  Figures  1  and  2).  This  unit 
consists  of  two  suitcase-lype  aluminum  boxes. 


There  are  also  techniques  utilizing  hybrid 
compression  systems.  The  se  are  attempts  to  com¬ 
bine  the  advantages  of  the  narrow  bandwidth  achiev¬ 
ed  w'tl*  pure  formaot  tracking  techniques  and  high 
articulation  achieved  by  Systems  with  provisions 
for  consonant  synthesis,  such  as  the  fixed -channel 
Voc ode  r.  One  of  these  is  the  continuous -parameter 
type.  This  system  makes  uee  of  the  fact  that 
speech  possesses  certain  small  numbers  of  param¬ 
eters  or  characteristics  which  vary  with  lime  to 
produce  the  wide  variety  of  speech  sounds.  These 
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Each  box  has  over^a!!  meacurcm^nt*  of  approxi¬ 
mately  19-1/2  X  10  X  b-l/Z  inches  with  irregular¬ 
ities  as  seen  in  the  photograph.  The  approximate 
combined  volume  is  1.3  cubic  leet  and  the  total 
Height  is  less  than  6C  pounds.  The  power  coa- 
sumption  is  less  thjio  ICO  watts  ac.  Also*  a  dup¬ 
le*  model  for  point-to-point  transmission  has  bees 
built.  This  unit  consists  o(  three  drawers,  each 
3-1/^  inches  high.  19  itich^s  wide,  ^nd  23  insKes 
deep,  fitted  into  a  standard  rack,  (see  Figure  33. 
Thetotal  weight,  including  powe r  supplies,  it  abooi 
200  pounds.  The  power  consumption  is  ISO  waits. 
These  units  provide  circuits  (or  digitiimg  speeck 
for  transmission  ss  well  as  the  decoding  circuits 
for  conversion  of  tJbc  digital  information  to  sya* 
thetic  speech. 
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AU  circuits  «r«  transistorised  and  ars 
packaged  in  the  form  of  "cordwood  modulsSr*' 
(see  Figures  4.  9,  6.  and  7).  The  constraettott 

consists  of  two  printed  boards  mounted  parallel  to 
each  other  in  the  manner  of  a  sandwich  with  tha 
components  disposed  between  the  boards  In  the 
manner  of  cordwood.  The  board  wiring  is  mads 
by  the  etching  process  either  upon  paper  phenolic 
or  epoxy  glass  base.  Wiring  appears  on  one  side 
of  the  board  only  and  all  holes  are  dispersed  on  a 
grid  of  2/lO-inch  centers.  Wiring  holes  are  coun¬ 
tersunk  on  the  interior  of  the  boards  to  facilitate 
assembly.  The  assembly  is  given  a  protective 
coating  to  provide  a  dirt  and  moisture  barrier  for 
the  printed  circuitry.  3y  presenting  a  low  profile 
(I.7S  inches  high),  and  a  relatively  broad  base,  a 
high  degree  of  module  stability  under  the  conditions 
of  vibration  and  shock  is  achieved.  In  addition, 
this  type  of  a  subassembly  is  inherently  less  sus¬ 
ceptible  to  damage  re  suiting  from  field  handling. 
The  entire  Vocoder  has  been  transistorised  with 
the  exception  of  one  subminiature  thyratron  used 
as  a  noise  source.  The  ground  duplex  Vocoder 
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uses  330  transistors  and  2325  diodes,  while  the 
airborne  unit  uses  250  transistors  and  915  diodes. 
All  Iransisiors  used  sre  silicon,  and  all  individual 
circuits  have  been  designed  and  leated  for  tem¬ 
perature  environments  of  -55*C  to  <^100*0. 

Figures  8  and  9  are  sinnplified  block  dia¬ 
grams  of  the  Vocoder  divided  into  trsnsmit  and 
receive  portions.  On  the  transmit  side  f'jt  audio 
ii  nut  ia  applied  to  the  Voice-Operated  Cain- Ad¬ 
justment  Device  (VOCAD)  in  which  the  speech  vol¬ 
ume  is  adjusted  automatically  to  a  level  approxi¬ 
mately  uniform  for  all  sp*-aVr--s.  The  output  o€ 
the  VOGAD  is  applied  to  12  apectrum  channel  fil¬ 
ters  which  divide  the  audio  input  of  200  to  4100  cps 
into  12  freqfuency  bands.  As  indicated  in  Figures 
8  and  9.  the  hands  increase  in  width  from  160  cps 
fer  ‘he  Ic  '*“5:  'c  ■’*5  'p5  lor  the  highest  frequency 
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buid.  Th*«*  IZ  •pectrum  ch»na«li  convty  t)i«  ar¬ 
ticulation  of  tliB  apcach  Input.  The  output*  of  each 
filter  are  fed  to  a  apectnim  analyier  which  i*  cotn- 
poied  of  amplifier*  ar.d  rectifier*.  The  outpot  of 
th*  VOCAD  I*  applied  to  tht  pitch  eatractor  cir¬ 
cuitry  which  produce*  the  control  aigoal  which, 
when  received  at  the  receive  terminal,  aynthe*!*** 
the  speech  through  th*  proper  application  of  allbar 
the  base  or  hi**  generators. 

One*  the  analog  information  1*  mad*  avail¬ 
able  in  the  form  de*crib*d  above, lac  11  itle*  may  be 
provided  for  either  multiplsxi^  aeveral  an^og 
Vocoder*  on  on*  tran*mi**ion  line  or  feeding  thee* 

data  to  an  analog -to-digit*l  converter  to  proAic* 

digitised  speech.  Th*  analog  information  on  each 
analysis  channel  i*  defined  by  eight  level*  with 
ibeee  bit*,  where**  the  Information  on  this  pitch 
channel  i»  defined  by  64  level*  with  *1*  bit*.  Tbi* 
binary  information  is  generated  at  the  rat*  of  ZOOO 
bite/aecond.  Each  of  the  13  channel*  i*  sampled 
every  Z1  m*. 

Th*  function  of  th*  receive  analog  sectioa 
1*  I'j  o>— .the tire  the  epcech  from  local  sou.ce*  oi 
energy,  or  th*  bus*  or  hi**  generator*, described 
previously.  To  reilerats,  th*  buss  generator  pro- 
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vide*  tha  cnargy  for  the  volcad  or  vowel  *0004*. 
and  tha  hiaa  generator  auppliaa  the  cnergyfor  tha 
unvoiced  or  conaonant  sound*.  Th*  decision  relay 
is  controlled  by  th*  pitch  control  signal.  Th*  out¬ 
put*  of  th*  generator*  feilher  bus*  or  hl«»)  ar*  con¬ 
nected  to  the  1  2  spectrum  •  yathesleer  filter*  which 
ar*  •Imilar  to  the  epectrum  filter*  need  at  tha 
transmit  temunal.  Th*  output*  from  th*  spectrum 
synthesiser*  ar*  passed  through  bandpass  filters  to 
remove  unwanted  modulator  distortion  pro<bact*. 
combined  into  on*  signal  which  is  appliad  to  tha 
output  amplifier,  and  thence  to  a  apeahar. 

ta  tha  digital  mode  tha  digital  data  ra- 
ceivedarc  fed  through  digital-to-analog  converter 
circuitry toprodue*  th*  appropriate  ssalog  voltage 
defining  eaclt  analysis  channel.  Tha  analog  cutput 
it  then  traated  ie  th*  same  manner  a*  dcacribed 
previously  to  product  tyithctlttd  tpcack. 

Csxcualva  articulation  testing  of  th* 
Hughe*  Alrcrsift  Company  Vocoder  ha*  been  dona 
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utilising  standard  PB  word  Hats  for  trstinc  is  hoCft  muttipMed  witho>it  rr^stini  new  linKt,  but  merely 

the  analog  and  digital  modes.  Articulatioa  scores  by  adding  equipment  at  the  terminals.  Figure  11 

of  up  to  90  percent  have  been  achieved  indicatieg  indicates  the  Ix^sic  block  diagram  for  this  technique, 

a  sentence  intelligibility  factor  of  almost  99  per* 

cent  ao  shown  in  Figure  10.  In  the  digital  mods*  Using  vestigial  sideband  techniques  and 

controlled  bit  error  rates  were  introduced  iMe  frequency n-iuJtiplexing.  maxlmumuse  of  bandwidth 

the  bit  stream  of  tbc  digitiaed  voice  Aod  tentative  may  be  achieved.  Including  guard*bands.  about 

results  show  that  a  H-percent  error  can  he  tel*'  500  cps  per  voice  channel  is  required,  so  that 

cratedand  still  produce  highly  intelligible  speech ,  to  six  voice  channels  may  be  transmitted  over  a* 

audio  Hnk  of  3*kc  bandwidth  (see  Figure  12).  A 
Utilliatioo  signal 'to*noise  ratio  of  about  25  db,  peth  signal 

to  rms  noise,  is  adequate  for  this  compoails  sig- 
.\nalo^  Mode  sal.  Essentially,  the  composite  signal  rasy  he 

treated  similarly  to  a  normal  speech  signal  with 
The  basic  analyser  portion  of  the  Vocoder  the  exception  of  requiring  s  slightly  better  signal*’ 

generates  signals  of  extremely  narrow  baadwidlh.  to^noisc  ratio,  and  no  compandors  used  in  the  link. 

25  cpt  or  less,  on  several  wires.  The  Vocoder's 

bandwidth-compression  capability  may  be  utilised  1  he  ability  to  pass  the  composite  signal 

to  the  fullest  extent  by  time-multiplexing  samples  over  a  single  sideband  link  allewa  the  possibility 

of  these  signals  and  transmitting  the  rcsohisig  Co  frequency  multiplex  several  of  these  signals 

pulse  amplitude  modulated  signal.  This  PAM  with  equipment  identical  to  that  which  is  uaed 

signal  derived  from  the  Vocoder  may  hare  s  band-  presently  to  multiplex  normal  speech  signals, 

width  as  narrow  as  250  cps.  In  some  applicatioaa* 

this  250-cps  signal  may  be  transmitted  over  a  liak  Digital  Mods 

as  is.  however,  an  attractive  utiliaatioa  is  dbs 

multiplexing  of  several  of  these  signals  from  dif-  Probably  a  more  importard  errploymead 

ferent  Vocoders  into  one  composite  signal.  This  of  Vocoders  is  in  the  conversion  ol  a  speech  sigs^ 

composite  signal  may  then  be  transmitted  over  a  into  a  digital  bit  stream.  Speech  can,  of  course, 

link  presently  designed  for  speech.  In  effect,  fhs  be  digitalised  directly  using  pulse  cods  modutatino 

number  of  voice  channels  in  existence  would  hs  or  delts  modulation.  However,  to  do  so  requires 
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20,000  to  ^0,  000  but  ft^cond  to  achteve  adequate 
•peech  quality.  It  is  seldom  feasible  economically 
to  transmit  such  a  high  bit  rate  for  only  one  voice 
coosrersation. 

Conversion  of  signals  '.rom  the  Vocoder 
usaly^er  portion  into  a  digital  bit  stream  requires 
oaly  IB  the  order  of  ^000  bits  second.  The  result* 
sj*  Vocoder  bit  stream  is  not  degraded  readily  by 
errors;  digital  error  rates  as  great  as  1  or  ^  per- 
cent  have  a  negligible  effect  upon  speech  intrlli* 
gence.  Such  error  rales  in  a  normal  teletype  sys¬ 
tem  sKiuld  cause  up  to  10  percent  of  the  characters 
to  be  erroneous,  seriously  affecting  the  readability 
of  a  message.  Convcraion  of  speech  into  a  digital 
bit  stream  allows  far  more  versatility  than  ihe 
original  speech  for  signal  transmiasion. 

Varioust^^es  of  phase  modulation  or  fre* 
(liseitcy  modulationtechniqucs  rnay  be  used  to  trans* 
imttbebil  stream  in  addition  to  amplitude  modula¬ 
tion  or  vestigial  sideband  modulation.  Sidestepping 
•ebemes  may  be  utilised  to  eliminate  multipath 
problem!  with  high  frequency  transmission,  multi* 
cksAXiel  devices  may  be  used  to  overcome  phase 
distortion  over  eictremely  poor  audio  links,  allow¬ 
ing  the  signal  to  be  t*-ansmilled  with  a  significantly 
higher  average  to  peak  power  ratio  than  that  of 
ordinarv  speech,  causing  the  transmitting  signal 
to  be  far  less  subject  to  imerferencs. 

The  ability  to  enc  rypt  the  digital  bit  st  ream 
provides  as  high  a  level  of  secure  transmission  of 


spet  ch  signal  as  may  be  desired.  Voice  acram* 
b'.ers  provide  privacy . howeve r,  a  Vocoder  opera* 
ling  with  a  cryptographic  device  allows  the  greatest 
rccurit/  obiain»bte. 

Serial  multiplexing  of  several  Vocoder  bit 
streams  can  be  achieved  simply  at  a  very  low  cost: 
whereas,  to  multiplex  say  ^4  voice  channels  into  a 
100-kc  bandwidth  now  reqiuires  24  single  sideband 
modulators  and  numerous  filters,  24  digilr.l  Voco¬ 
ders,  each  running  at  I  kb/second,  can  b«  multi¬ 
plexed  into  a  stnele  48>kb  bit  stream  using  only  six 
flip-flops.  This  48-Kb  bit  stream  may  be  aatily 
modulated,  with  a  single  modulator,  into  a  signal 
with  a  bandwidth  of  less  than  100  kc.  In  fact,  using 
vestigial  sideband  techniques.  32  Vocoder  outputs 
can  be  multiplexed  into  the  lOO-kc  bandwidth  with 
no  advance  in  the  state -of-lht -art.  Thus,  as  many 
as  32  fully  enc  rypled  speech  channels  may  be  t  rana- 
mitted  with  a  substantially  higher  average  to  peak 
power  ratio  where  crUy  24ordit\ary  speech  channels 
arc  now  in  operation,  with  much  simpler  multi¬ 
plexing  equipment. 

Conclusions 

Up  to  the  preoent  time  Vocoders  have  not 
seen  much  use  in  military  or  other  applications. 
Some  Vocoders  were  used  in  World  War  II  and, 
since,  by  high  level  people  la  goverrunent  for 
securUy  aspects.  Heretofore,  Vocoders  have  been 
plagued  with  aeveral  shortcomings,  large  physical 
siae,  excessive  weight,  high  power,  poor  ioteUigi- 
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T^poLnoT  Qwnicriuiia  of  oowiustcaticm  Mmniuui 

(urV  tknUi  knd  Chtrl«a  <  •  ConatAck 
0.  S.  JLnv  Slcnal  ftotaardi 
and  OnalopMnt  Labo(*t«i7 
fort  Horawotlt,  law  Jaraagr 


tBsrua 

Tbit  pipar  dlacuaaaa  tha  topolofical  para* 
■atan  which  axpraaa  tba  oorraapoodanca  raXa- 
tioua  batwaan  coanunicatloa  natwork  layoat  or|an- 
laaVloaal  atnictarai  tba  coaaiai Icatara ,  tha  aya* 
ta«  oparatlsf  prlnclplaa  and  tba  a/aUaaa  at^r- 
alaloD  and  kouaakaapln<  ralaa,  and  crltarla  ra- 
carding  riazlbllllji  raraatUlty,  aapandlblllty, 
and  TolnarabUily  of  coaiaailaaiiona  nabaorka. 
Practical.  llloatratlTa  azanplaa  of  topolaQr  an* 
clnaarinc  to  cnnnactloo  with  tha  a/blhaala  and 
daalgn  of  a  UnlTcraal  Intacratad  Ccanunlcatlon 
SraUa  ara  glran  to  ahow  that  tba  dialgn  of  auch 
a  ayitca  can  donfora  to  a  ayntbaaia  phiXoaophy 
which  ylolda  a  coaplata  andaratandli.t  and  control 
of  tha  ralatlona  and  dapaodanelaa  batuaan  ayataa 
alaaenta  rathar  than  to  laproolaa  cooeapta  and 
doctrlnaa,  which  whan  foroad  to  <ha(ic*<)|  randor 
tba  ayataa  obaolata. 

1.  DfmotOCTI'f 

k  coaaunlcatlon  ayataa  it  alwaya  an  «iganlc 
part  of  a  ralatad  largar  h>am-aachlna  ayataa 
and  It  ta  aatab'.lahad  for  tha  aupport  of  and  aar- 
wlea  to  thla  larcar  syaVia.  ftacauaa  of  Ita  hu* 
man  popnlatleo  tha  larfar  ayataa  la  la  a  tranal* 
lory  atata  wnich  la  ofijancad  by  tha  rapid  otac* 
loacanoa  of  eartaln  htauo  alialooa  and  or  aa* 
china  fbnctlooa,  and  thalr  wodarlylni  aoclal  doe* 
trlnaa  and  operational  concapta.  Aaong  tha  or* 
cable  parta  at  tha  largar  ayataa,  tha  coaounlca* 
tlooa  ayataa  la  a  controlllnc  factor  with  Um 
calcine  capability  of  rondarln;  tha  >diola  larfar 
ayataa  Inoparatlwa.  Vblla  tha  alaaloaa  and  fixe* 
tlooa  of  coiBUDlCBtiooa  par  aa  la  oaaar  andangar* 
ad  by  obeolaacanaa  aa  long  aa  tha  hwan  popula* 
tion  arlata,  coaBunlcatlooa  oyataaa  hava  bacoaa 
c^colala  In  tba  paat.  Thla  rata  of  obaolaacanca 
of  cc«;4i>nleatloaa  oyatau  la  aoat  prerowncad  In 
all  caaaa  wbarw  tha  cnsnslcatloo  ayataa  waa 
apaclflcally  tallorad  to  ap*clfle  rabulraaanta 
of  a  aonll  elaaa  within  tha  haaa  aachlna  pop* 
nlatloQ  of  a  largar  ayataa.  In  thaaa  caaaa  tha 
rodala  of  tha  cocnalcatloa  ayiteiu  vara  ralaVad 
to  aalactad  raalitlaa  of  tho  largar  ayataa  aa 
they  crlttad  at  a  tloa  prwrlooa  to  tho  eonaop* 
tlon  of  tha  nodal.  Tboa  cos  la  Joatlflad  la  call* 
l£g  tha  art  of  ccaartaleatleo  ayataa  daralofnont, 
‘Eolardjd  DeTolcr»vent."  Tha  eoaitlon  arlaaa  If 
Corr^leatlona  ayataa  darolciaMot  aisot  foraaar 
ba  ratjriid.  That  It  crod  not  ba  can  ba  dnaon- 
atrated  by  nneoaarlag  tha  conc.lral  alexinta  end 
form  of  a  nnlacreal  eceaualaatlra  ayataa  nodal. 
(Caconlctl  aeana  tha  Inrarltr.ca  of  C.a  fondxaan* 
lal  mlatlonablpa  ard  dcpondinclaa  batveon  aya* 
tea  alasanta  ralatiwa  to  chanflnj  freasa  of  thalr 
daplc^cont  and  acpllontlona.)  Thla  Irpllaa  that 
oat  c  vat  not  alow  a  aot^^crvleatlon  eyetaa  frc«  a 
apaolfla  outalda  point  within  tha  largar  r/ataa, 
birt  CJva  nnat  alaw  a  eecnrnale itloo  lytten  fw« 
within  acalnat  tha  largar  ayataa  aa  baakgrovid. 


In  other  worda,  ty  foinulatlnf  tha  Intrlnala 
charactarlatlca  of  coonmlcatlon  ayataas  a  xil*’ 
waraal  a/atan  nodal  la  altalnad  which  can  ba 
pre>ctad  Into  arvy  daploynant  fraaa  and  aFPlieo* 
tlnna  scale. 

i.  TEOHhICM.  BlCHqEOqill) 

Thlf.  paragraph  la  dawotad  to  an  axplanatlan 
of  tha  tamlnology  whlah  la  oaad  to  daacrlba  tha 
punoaa.  functlona,  and  objactlaaa  of  tha  aya- 
taaa  aodal  as  wall  aa  eoncapts,  oathoda,  «i4 
tnchnlqnas  uaad  for  lic>laMntlnc  tba  nodal. 

Tha  class  If  IcaUoa  of  Nodsla. 

k  ayataa  S'  la  called  a  nodal  af  the 
syatan  S,  If  (Iran  certain  facta  about  ayatrti  S, 
other  facta  of  S  can  ba  infamd  froa  tha  nodhl 
S'.  A  ayataa  S'  is  also  a  aodal  of  S,  if  fton 
peatnlatas  or  aaaunptiona  aaaoclatad  with  S* 
facta  of  S  can  ba  Infamd.  In  tha  first  etaa 
alsBciita  of  S'  eorraapond  to  obsartabla  alaaaBta 
of  S  and  tha  aodal  S>  la  that  rapraaantatlwa  foir 
S.  In  tha  sscond  case  tha  alaaenta  of  S'  naad  not 
corraapoDd  with  obaarrabla  alananta  of  S  and  tba 
aodal  S'  la  thus  Don*T«praatntatlTa  for  S* 

If  a  Modal  it  rapraacetatlwa  and  Ita  ala* 
aauta  am  organlaad  in  exactly  tha  aiaa  way  aa 
tha  ayataa  S  that  It  raprsaanta,  than  tha  aodal 
la  called  iconic.  (a.(.  S'  la  a  aaall  acala 
repltca  of  S.) 

1  BOdal  S'  of  S  la  an  analocwa  nodal  If  It 
ntllltas  physical  phanoaant,  darlcaa,  and  plain* 
rial  drawings  for  tha  sodalllng  of  6.  Aa  aoah 
it  la  wautlly  alsMd  at  balnf  a  mpraMotatlww 
aodal  of  6. 

A  nodal  S’  of  S  la  a  ayahoJ^Aa  aodal  If  It 
atlllaaa  plaAtaat  plctaaata  and  oparatieea  for 
the  dedoctlon  of  faeta  about  S.  A  ayabolla  aod¬ 
al  la  carar  a  rapraaentattwa  one.  A 
nodal  may  naa  Catanalolatle  or  probabillatla 
acuicspta  and  ipproachaa  for  the  nodalllag  af  lha 
ayataa. 

The  aalaotioo  of  or  coeaapUon  of  a 
olaatlosia  ayataa  la  IntlnaValy  linkad  with  tha 
fa<lllar  orltarla  or  naarurlng  oaBaunteatlcaa 
syatars  affacvlTonaat.  Thais  am  nllabUlty. 
accttrccy,  capacity,  apead,  flaulbllity,  aobii- 
Ity,  IfiwuiDsrcblllty,  aacurlVy,  eonnactlvltya 
afflalaassy,  aod  eeat. 

Tba  ealactlon  of  or  conraptloo  ef  a  nodal 
on  tha  other  band  la  cororoad  by  tha  faalUar 
criteria  of  felthfblnoaa,  ccaxlaxlty,  conaral- 
Ity  eo4  aTallabUlty,  phyaleal  alia,  faataaaa 
and  co»t.  In  practice  roat  nodala  of  hcta.^  qr*. 
tawa  naa  nom  or  laaa  all  of  these  faaturaa  tf- 
pllcitJy  or  leq>Xlalt]/.  laeocnltloa  of  the  Th* 
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n<ur*  \ 


Fl«vi«  2 


lldlt/  ai  •  aodal  d«p*nd«  to  t  gr«(t  M- 

t«Dt  oci  tiM  caabiUVr  at  dlietULlBttlng  b«- 
tai*«n  tboa*  bat«r*(  of  Uio  ■o<iol.  Will*  Um 
Mkning  of  thoM  tonu  or*  Icnoim  4nd  ftnorall/ 
gecoptod,  folthfuljMki  of  •  oodol  coiutnetad 
to  IjiHoto,  dio«rlbo  or  imdorduid  ntlurol  pho* 
BOMiu  ood  oataroll/  eboorrod  offocu  li  eloorVf 
dotormlMd  Urn  dogrot  of  agroMoni  botwoan 
■odtl  dorlvod  offacti  and  aalurallf  obaarrad 
affecta.  FalUifblnasa  of  a  eoanunleatlona  sya- 
taa  Bodal  lapliaa  tha  obaolatcanea  of  Um  aubaa* 
^uantlr  laplaaanVad  coamunlcatlona  a/ataa,  ainea 
thla  faltbhalaoaa  rafari  aa  pointed  out  In  tha 
Introdoctlan  to  a  pasaad  stata  of  tha  larger  a/a- 
tan.  Tbuj,  falthfulneat  to  tha  raqulrenanta  of 
restrletad  claaaea  of  ca<«:unl cation  a/ataa  aub- 
acrlbera,  a.r.  Kllltary  cubicrltera,  which  hata 
been  condltloaad  to  act  In  certain  wa/a  by  fur- 
oiahlag  tbaa  with  ayatana  faithful  to  tha-.r  prior 
requlrenant  will  reault  In  faster  and  faster 
ratal  at  the  obaolascense  cyclaa.  Only  a  unlwar- 
aa]  ayatca  nodal  where  faith fulnasa  In  tha  abora 
aenaa  la  traded  for  falthfuLnaa.  to  aaphasitad 
fundaaental  profcrtlaa  haa  any  chance  of  leading 
to  a  ayataa  whlab  la  not  plagued  by  obsolaacansa 
of  doctrleaa  aad  aiaalons  of  Ita  uiara. 

Tha  fndaawotal  property  of  a  syataa  la  tha 
eonnectlTlty  between  Ita  elcaenta.  Tha  aywbollc 
Bodala  wnlen  cancer  theaaalTaa  with  this  con- 
mctlTltjr  aue  tha  topological  aodala.  Tdpelog- 
leal  aodala  rapreaant  tha  rubber-sheet  gaoaatry 
ef  tha  aodal  ayataa;  and  It  as  thla  rubbar-aheat 
geooatry,  l.a.  tha  topological  paraaetar,  of  the 
ayata.s  which  have  a  prenounead  influanca  on  tha 
design,  operation,  and  parfomanea  at  tha  ayataa 
aa  will  ba  ahora  la  tha  following  diacusalon. 

3.  !)I5C0S&I0II  OF  THo  TOPOLOOIC/kL  HDIEI. 

g.  Tis  cAxmicgL  CLtiiEtrrs  or  g  ccmn<Kg> 

TjOli  SISTDt. 


/  A 

Thaaa  two  baildlng  blocka  pla^  a  r«l«  te 
coeawunlcatlon  nataorh  conflguratlona  nhlah  an 
aiallar  to  tha  unite  of  Infonatlon.  Like  ttm 
ayntaz  of  Inforaatlon  la  conceived  of  aa  aa 
aggregate  at  blta,  nlta,  atet  a  eonalcatlaa 
networii  canflguratioo  can  t«  concalwad  of  as  ■■ 
aggragata  of  aleaentary  graphs  ef  first  aad  at 
aacend  degree.  Linas  lyabollta  tha  tranaalaalaa 
auLsystar.s.  nodes  stand  for  aubacrlbar  aad/ar 
central  office  subayataaa  aoaatlaaa  called  ata- 
tlons  and  axcl.angat  raspactlvely .  Thsir  poal^ 
tlonln;  ralatlva  to  other  nodes  In  a  graph,  l.a. 
thalr  rank,  datarainas  their  atandlag  aa  a-dh* 
scrlbers  or  central  office  aubayataaa  ga  tha 
i/alollc  aaanlng  of  Flgura  1  and  Plgura  2  ra- 
ganllng  cooaunicatlon  aobsyauai  la  self  arldnag 
the  ouastlon  arlaas  In  which  way  theaa  alaaasta 
enter  into  a  cental Icatlona  natworlt  In  tam  at 
functional,  eparatlonal,  and  parfotsacca  erV* 
tar  la. 

Coeur.unlcatlons  aystaaa  era  forasd  la  praa- 
tlca  by  joining  together  tranaalsslon  tan^JMla 
Into  aggregataa  which  era  eallad  aubacrlbar  a^ 
ayataas  and  central  offlco  aubayataaa.  Thla 
aaounta  aytabolleally  to  adding  tog«thar  alaaaa* 
tary  graphs  In  a  way  such  that  In  tba  rsaaltwh 
grapn  a  pair  of  slaaiantary  graphs  asy  ahara  tha 
saaa  nodaa  (colncldancs  of  nodaa)  but  da  aot 
have  any  of  their  branchaa  In  eosaon  (aa  ao;- 
tljictlon  of  branch  llnaa  tdian  joining  subgraphO 
Far  aiaapla  two  aleasntary  graphs  of  first  ^ 
grea  can  ba  addtd  together  aa  Indleatad  la 
Figure  3  or  tao  slaasotary  graphs  of  aacoad  da- 
graa  era  adlad  aa  shcuo  In  Flgura  Ik 


In  any  cwmlcatloei  ayataa  one  can  distln* 
gulah  batrean  O-a  following  aubayatanai  Sub- 
aerlbar  aubayateas.  Central  Office  subaystasis, 
*id  Transalaalan  aubayitaes,  Houavar,  tha 
boundary  bateoan  tha  aubayateas  need  not  ba 
elaarly  dalinootad  and  aay  ba  aobjaet  to  Inter- 
pntatloa  on  the  baa  is  of  tachalquss,  aathoda, 
aad  daslcaa  aaod  in  tha  serious  subsyataas. 

(a.g.  TO  aaltlplaalng  and  TO  cvltahlng  a)dch  arc 
alaiUar  la  basis  worttlag  prlncipla  can  ba  luapad 
together  or  Intar-dlcperecd  to  such  an  extant 
that  tbalr  aa..aelatad  flinetlona  are  phyalcally 
ida.ntlflabla  with  the  aaotral  office  and  tha 
tranaalaaloa  ashsyatea,  raapaetlsaly. 

B.  THa  sirsoiic  nmSnXTgTIOM  OF  TRB 
CgJVBtCgL  ELEWnS. 

Tba  ast  <sf  building  blocka,  l.a.  alaawnta 
which  will  b«  Istroducad  conalat  of  two  coofig- 
aratlooni  Ooa  la  tha  aleaentary  graph  of  flrat 
dsgraw  abown  Lalaw  In  Flgura  1,  tha  othar  la  tha 
alawantaiy  graph  ef  aacood  dagisa  shown  below  la 
Flgarw  2. 


In  any  network  or  graph  constructed  la  aaah 
a  way  tha  following  ralatlona  are  astabllahad  to- 
Umaa  Uta  nuebar  of  branchaa  b  and  the  natiar  at 

nodaa  I 

2bwn.^  2r>ja-3T»j-a4-*\^'V5v>^-f  • 

where la  tha  nuabar  of  nodes  of  dagrsa  (l.a. 
raDk}s  .  (  braachas  aaanata  tram  aach  aX  tha 

TV^  nodaa.) 

Figure  )  Flgiffw  k 

A 


Far  axaapla  Zb  *  2  ^(4-43  xfi  31  bul% 
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tt  llIiKtxAt*^  b*l«a  la  n<«z«  S 
rixun  5 

lUidaallr.  1-9  era  of  da^na  3) 
Kadaa  Dr.  9-12  ara  of  daciaa  > 


Ona  av  nola  thal  ia  w/  fMtuorli  (iraph)  tha 
tua  of  no<les  of  odd  difraa  auat  ba  an  aTao  niabar 
alnca  2D  la  aaaa  and  ona  fata  b/  dadoetloa  af  an 

froa  2to  -  Tri.  +  i  r\j+3Y»j+4->»^V-Sv>^+t/*l^+ 
T-Wj  >  ••• 

2pi2b-as*>i.  -*■ -n,  + 4 ■*S 
ahlch  la  an  aaan  ouabar  aqual  to  tba  um  aif  all 
odd  oodaa. 

Mhlla  on  tha  otbar  hand  a  (rapli  (naDtoHc) 
allh  N  .lodas  of  alxad  ranV  auil  contain  I  -  2j-*<i 

nedaa  of  aaon  rank. 

c.  sicmyicihT  rtmoiMEHTja  strocturm 

Conaldarlnf  a(;.>la  Uia  alaMntarr  crcpb  of 
flrat  dagroa  aa  a  baalc  building  block.  tl*a  n»»- 
lar  of  branchaa  B  ra^vilrad  to  conoact  a  aot  of 
R  nodal  luch  that  onljr  ona  unlqua  path  axiata  ba- 
taaan  anf  too  oodaa  of  Uta  raaultant  graph  fol¬ 
low!  witfe 

p.K-» 

5uch  •  (raph  It  th«n  «  funcrA^ntal  atruclur*^ 
eo  called  •  tree  of  a  nttuorkt  at  the  rat^ork  :v>' 
9elf  can  built  up  b/  further  8\^p«rpotitloo  of 
•leaanlary  grtpba  of  first  dasroe  or  aacond  da- 
graa  such  that  tha  n\r)t«r  of  nodat  H  la  kept  con¬ 
stant#  ^Co:ncldenca  of  added  nodes  ulth  orlj;lnal 
ones  i.a.  aodltioa  of  branchas)  uhich  produces 
ab>Iia  Jf  th**  index  of  coTanectlrlt/ |A.  of  a  ncV- 
is  b/  daf  Inl  vlon  p-*b'&than  ^*0  Indlcatas  that 
tha  nalvoT'.  .3  a  true  uharo  lets  of  a  ^  ranch 
vojld  rasult  o  the  dastmetioo  of  tha  connactlT* 
it/  withio  t^»e  aat  of  nodes# 

^>0  indicates  that  up  to^  branches  can  ba 
removal  fr^n  U.e  networ<<  vithoQt  daatro/Ln|  tha 
coanacllvit/  r.jh^ct  ic  tha  constraint  that  tha 
rink  of  arery  r^df  remains  Isr^or  or  sgutJ  to 
ona.  Ttiu-  ntr.  rtu.-a  conoactleU/  la  exprtssad  tgr 
MiOulvrj  -U  cfU-l 


Tha  atlMT  aKiraas  la-uld  ba  #  •axioi^  la  oa#- 
aacilsiV  vhleh  it  claarl/  a-^aocUl.a^  with  a 
altaaUaa  ^r%  asaty  Lddc  la  dlracUjr  coonaota^ 
vltb  arao  aihsr  noda  in  Um  Dai  hr  ai  laaat  ooa 
branch#  far  ooa  branch  aach  Uw  raak  of  avaiy 

^  •  N-l  -u 


ct»w  n(n-0 


eaXliactL^X^ha  oaxlaua  nunbar  of  siogla  branch* 
(aaelwiw^  paraXlslinf  of  branchatl  in  a  oai 
of  I  ao4sa  ooa  gsta 


v.N(N-i)  -  - -•  ■- 

-V- 


•qalvalMt  t.  tha  coohlnatioa#  of  t#kU(  I  nodaa 
2  at  a  tlM. 

And  tka  ■iDclaM#  Indax  of  connactlTllp  foll#r# 
with 

a.  (K-|)CH-2>  _OLN*i}0 


Qf  aiary  immIb  la  lonnaetid  ddnatl/  to  01117 
itiMT  oodi  V  a  alngla  braneb) 

Thi  <-<«  of  coanictlrlt/  ^of  tiM  aatvorli  ahowa 
1»  rigw  S  la 

V-?  -  »(p-u-S 

alao  claai'lj  aaaoclatid  with  Uw  S  'Clrcloa* 
(1-2-4-7-10-1) 

(1-2-3-11-1)  l2-3-L-5-«-2) 

(S  -  t.  -  12  -  8  -  S)  -  6  -  5  -  8  -  ?  -  7) 
lo  Um  ^aph  of  rigun  5  which  hai. 

In  coOTKon  with  ono  another  tba 

br.jKlMa  11  -  2)  (2  -  3)  (2  -  6)  .  5) 

(6  -  7)  (i  -  h)  .9  -  8). 


TIM  pcnalaalbla  nuihiri  of  nodia  of  differ- 
•nt  dcgnciali^  In  an  enaiabla  of  I  BKlaa  which 
can  bi  coweetad  to  for.  ■  fundoaintal  Itnic- 
tun  or  trci  follows  fro#  fonula  tl)  (2)  and 
13)  hf  lotting 

2p=2(H-*)=  is4  2n^3Tv^44-*V 

4  N-l 

N>  2p  =Yv^-t-iv^nv^+>v, 


S  S 


S  • 


a  .  • 


9  • 
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Th«  follMlnt  tabl*  tte  '•Xy  «bl«li 

for  ilooD  H  ontUCy  tbo  oot  of  foraolu  (8) 

•boro,  op  l.o.  trooo  coBtoInlng 

II  >11  nodoi.  vfia  mdorljrlnc  poMlblo  oonfifuri* 
tlooa  tn  ahoim  for  ttao  com  ■•U.  1*  fl|«raa 
6  (1}  *hrou(h  (S).  Om  a»f  nou  that  tho  eoa- 
flfurotloaa  ohota  Inoololnc  Tn  ^  )  on 

Dot  DCcoaiorU;  antnoo  c.g.  (tLffannt  troc  oo<v 
flcurottona  of  idcntloal  octo  of  ti^  eoilod 
haneo  forth  dltforant  ooiharo  of  the  tnc  fonll/ 
(tv.tv,  -Yv)  ore  »?io*n  la  Flcurc  7  and  8.  In 
the  following  Ubleo  O*  Is  the  otadwr  of  signlfl* 
eontlj  dlffareat  •ceber*  Is  eTrsi7  featl/  of  trees 
(Significant!/  dlffanot  aaan*  that  Mobera  Mhieh 
are  aywoetrlc  or  tranalMea  eeralona  of  other 
sacbere  an  not  comted  ao  dlffarcntt  this  Mara 
that  no  dlotinotlon  la  oada  between  the  branehsa 
of  the  graph  aa  will  be  dona  la  Section  k*/ 

Y  la  the  ntaiber  of  algnifleent  tree  een- 
flguratlona  which  can  be  fornod  with  I  aodea  and 
^  the  nv^>er  of  fanlllea  of  treee  for  glran  I. 
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If  OM  plcka  for  cxaapla  the  cntph  7k  of  tlf.i 
anowB  b«lo«  M  one  aeaber  of  the  feall/  of  ft^fbM 
(ai>6,  D-eI|  i^^eli  n^l)  aal  oolle  Uio  tenor 
ooleo  a,  k,  o,  thoa  ea  eaa  aaaoolata  tha  rmaks 
M  a)  <t  at  ■•  *5  rtUi  a,  b,  e,  roepaotlaalp 
/iaUlng  tha  folloatne  pamitaileaa  of  throe 
elaoaata  ant  tna  asaoolhtad  £  treat  of  Vif.! 


ng.  6,  n 


t  5  S  4  )  4  ) 
k  >  4  5  4  }  5 
c  4  5  J  5  5  4 

rtabt 


cAAj  O-X-O 


0—0—0 


fi«.7 


<A>  Hn 

(4)  M  {£) 

■  »  ll  (n^s  8,  a^sl,  ii^e  1,  B^a  i) 

If  cn*  exclude*  *7W*trlcal  eereleoa  trcm  belac 
counted  4«  •icTvlflctntljr  dlff«r«at  000 

obULlw  onXf  Uir«»  •Iffniflcartl/  dlff«r*Dt  ir«t 
c oaf l£:ur« lion*  bee^us*  ih«  tr««9 
(^I^)  (Ht^)  ^  lUu»tr»Udr  ttp«ld« 

4o«b  ▼«raion«  of  dm  anothtr*  Uk« 

^aph  (ja)  e!  fi5e6  for  inalAnco,  !•  coo  iM»b«r 
of  a  f^tXjr  of  lroc»  (n  "4t  "k*^) 

Con|qls«9  . 

p. 

•maber*  a*  ohoen  beloe  In  fig.  B  (ike  upalde 
dean  tereione  ere  intlcnted  io  the  aeco^  roa 
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Wg.  6  Jont'i. 


tb«r«  >«r«  thr««  s/^^lric  CMei  tn«  IJ  t 

oio»l/  U)  (15)  tyvl  (^l)  of  flff.o  und  Crv« 

•yMMtrlc  CM#  anofl  '  l'^*  P^ »  n«i«ljr  (2^).  Ti  » 
th#  f -Bliy  Cn,-4,  n_s5.  n,»2)  h a#  H  •Isnlf  Icfcntl^ 
different  tir-*?  confl ‘ur.it lono  #3  •#nh#r#*  Tb« 
M3b«r3  of  th«  fflol  Ij  (n,»l,  n.=6,  n^sl)  <rf  Plc-^ 
Are  reedJVx  found  ff#i  th#  folTceln^  consld#r#tioni 


THer#  Br#  t#o  ^yrrolrlc  cnsei  in  IM#  feulljr 
aho««t  belv#  In  Pig.  9^  And 


FI#.  9 


rrcai  fig,  9*  on#  obt  lns  h/  ihlftlng  tn#  nod«  of 
ranJi  four  to  th«  left  (or  to  th**  rl'^t)  t/ir## 

•or#  eignlficAotly  different  tree#  (excluding 
left-right  lcAge»),  Prow  fig.  9b  one  ob*Aln#  bj 
•hifilng  Uie  no’)'*  of  rAnk  four  to  the  left  (or  to 
th#  rig*it)  t#o  r.ore,  aivl  b/  eh  if  ting  u.**  (or  doen) 
One  oor*  tl'mlficintl/  different  tree.  ‘Pt’je  one 
(I  ♦  5)  d  (  I  ♦  2  4  1}  •  0  algnlflcentljr 
dlffenrni  •t'heri  In  the  f'.;niV/  (n|*1, 

l).  'n»e  unt^f'lned  ere  thcit  ehatn  in  ne.  9». 
FoMcK^'irv:  tfi.  p.r -ut.  11  C.V5  ru..9  ont  ha* 


Ij  +  »“,*  um  ~  w  OOrtIhhtlOM  •»»«. 
uon,  th.  P,  >  7  Iti  klrror 

j«on4  th.  p.:  )  ar«  2a2  »Lrrcr  lM>c*aL^ 
ui.  Pjt  }  2;il  Alrror 

ud  Monc  th.  chabliMd  P^V  ^ 
itirroT  lo  thht  cot  t»tt  15  -  1  -  S 

tLgnifictntlf  dlff.nnt  M«bw.. 

ItiTthcr  lup).  llluatratlor. 

far  n  ~  6,  »  =  7,  U  -  d  arc  than 
la  PI,.  10a  throu-h  lOa. 

■  -6  PI,.  lOa 

(l>  (2)  (»  (4)  (5)  16) 


Hg,  lOh  I  »7 


I  ^ 


B7 


1i  1*  obrloM  lh»t  tha  ImpccUmi  MtMd  aC 
flndlna  Uta  al4{iUrieaatV]r  tlffeiant  aaaiwrt  at  a 
traa  full;  for  dvaii  a  'a  la  xaVutr  taUe«  aaA 
baocaaa  wa«nafaakla  for  R  >v**  Raanar 
for  all  jfaotlcal  appllcaticaa  R  -  11  (  11 
tattchlnc  saalan  In  a  coanaalcatloea  aat  )  aaa 
Va  OQoaldarad  to  ba  auffielaatl;  larca. 

s.  DisTiJtcT  ruauut^u  sxKnuLi. 

RunlaaaDtal  atruetwaa  <tr  txaaa  aboaa  alaBaalar7 
tulldlnx  blocV^  (alaBantar;  i;af(ia  of  flrat 
dagraa  )  axa  laballad  dlallactl;  dlffaraat  aod 
axa  callad  haraaftar  diatleet.  Tfaa  quaatleB 
arlsaa  cf  Koa  to  find  all  poaalbla  dlatlantl; 
dlffarant  atructoraa  of  a  nataork  altk  I  aodaa. 
Tna  aatliod  of  fiBdlfi(  all  dialinet  iraaa  la 
daao&a  tratad  baloa  in  fig.  Ilk  far  a  c<atf>lat« 
nataork  alth  ■  a  4  nodaa,  aaek  at  rank  3 


R  =  n^a  4  aod  kanea  ^ 


Tig.  lU 


s  i  4  *  }  =  6  kranchaa 
!».  8 


Ona  aalacU  ana  poaalbla  fontaaantal  atractora  a.g. 
tha  original  traa  anl  darlTaa  all  tha  oU>ara  b; 
auccaaaWalir  allaloating  hracchaa  4,  i,  i  altkoa* 
loalng  connaotlTlt/,  l  a.  alUioul  ^odueiag  a 
aloaad  ^th  or  alrcla  at  tba  atxpanaa  of  outtii^ 
off  a  n^a.  Ibui,  ana  obtatna  tha  follMli^ 
eooliiiiatioaa. 


Rraocb  4  )  ( 

alth  l-S  2-1  U 

alU  J-J  J-1  2-> 


•raachaa  4.3  4^  3.4 
alth  111 

Mth  ill 

«l»  5  5  5 


jlaldlng  tha  folloalng  1(  dlatlnot  traaa  la  tha 
ooaplata  oat  alth  fats'  itodaa. 

VW?03? 

W  ?ci)  W 

2-5  5-1  2-5*2  1 

-  ■■ 


iralcgoualjr  In  a  ooaplaU  oat  alth  17  5  nodaa 
ahoan  baloa  In  fig.  12a  ona  on;  aalact  tha  traa 
It  2,  5t  4  aa  tha  orlgln'l  atartlng  point  nnd  obtalh 
b/  aucoagalaa  allalr»ti'  anl  svibatltotlon  1*5 
diatlnct  traaa  which  aro  conUlnad  la  tha  nataorb. 


-•  • 


•  • 


n«.  12a 


fhs  poaalhla  diatlnct  traaa  la  tarns  of  tha 
aoahlnattaoa  of  four  branohsa  out  of  taa  ora 
In  tha  faUotrlivf  fig.  12b.  Ckia  anf  aols 
toat  coeblnationa  containing  (5.&.9)  (4t7alO) 
{5.0.10)  (7.0,9)  la  connaotlon  alth  1.2, 5,4 
raapcctlwaljr ,  loading  to  elrolas  and  lOM  at 
oocaMotivitjr  ara  not  panlttod. 

0  5  t  T  •  9  10 

1-2- 5-4  1-2-4  1-2-5  1-2-5 

1- 5-4  1-2-5  1-5-4 

o — 

2- 5-4  1-5-4  l-k-4  2-5-4  2.M  !->-• 

5;*  5-7  5-*  5-9  5-10 
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i/^  c^  <V.^ 
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V-4 
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7-9  7-10 


4^  4-1 


•  /»  •'  ■*•  .'•  .*•  »■•  ,‘9  ,  •  .  •  .*-  A**.*‘" 


V^7  5^  V«-10  5-7-«  ?-7->  V7-10 


5-0-9  5-9-10  0-7-0  0-7-9  6-0-9  6-0-10 

*  2  a  »  a  a 

4  4  4  4  4  4 

6^-10  7^6-10  7*9-10  0-9-10 


aj  «  1 
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Tti.  follo-ln*  r.«uUr  "  Zht-TiTfl*- 

•ith  r»nk  4  !•••  »  *  ■•»  6  •«*  *  »  12  •hora  ^  «*. 
15*  alao  rafarrad  to  ai  a  -polar  i^ralla  aln«l# 

bait  nataork-  oooUloa  >dl  dlJtlnet  ^  _ 

cooflffuratloaa  ia  tarM  of  tha  paraittad 
tlona  at  tin  braaehaa  out  of  12« 


^1.  ’ 


"«•***• 

for  tha  darlaatlco  of  tha  aat  of  diatifiet  traaa 
tha  traa  1.2. 5.4.5  !»»  d**"  aal^**^ 
atartln*  point,  aa  lodlcatad  lo  fl*.  15^ 

jLaon<  tha  oon-paraitlad  cooblnallorva  ahlen  laaa 
to  elrclaa  ara  dlraotljr 

eo*binationa  which  coolhin  (7-o-U-12)(7-t-10;12) 
(b-l-0-U-12)(c!-7-n-12)(>10-U-12)(7-!/-10-ll) 

(7-o.lO-a)(6-^-10-12)(o-<)-ll-lJ)(^-7-l<^“) 
(6.7-e-5)(d-n-12)(7-lt>-l))  ‘n  cohhoctl.m  with 
atij  ona  or  tV  ^4’*  branchaa  out  of  the  original 
aat  1.2. 5, 4, 5  raapaclltalr. 

■s 

M  M  6-10  6^11  ^1^ 


nui 

^  "k  kk  k 
ibk  k 


M  a-U>  ^11 


7)h  ^ 

^  5! 


la  a  Ilka  aaaaar 
tha  raMlnlnc 

pooalbla  dlatlaot 
traaa  oa/  ba 

^oaratad  la  taraa 
of  tha  paialttad 
ooaiblnatloiia  of 
5  braashaa  out  of  12- 


s.  MBUUi  nnoin. 

t  rattalar  Mtrork  la  4«flBSttaa  •  aat* 
vork  aboaa  aoAn  an  af  aQial  nak  er  la^aa 
Ihoa  tha  ooaplata  aatatrk  41ao<iaaa4  Wfan  Sa  a 
apaciaUaatloB  at  a  nfolar  mtvorft 
A  rofulMT  aataoilc  of  I  oo4aa  of  nak  <  aaala'laa 
k  kraaclMa  la  aceor4aBM  wltk  faraala  (1) 

?b  =«,Nyahleh  rafttlna  that  for  l^boiaf  oMi 
V*  to  bo  ao  OToa  noabor  aad  oiaa  ;«raa  far  Vbalac 
odS  to  bo  oraa.  Sjatboaia  of  rogular  aataorla 
la  toraa  of  a  oartala  aaouat  aoa  tfp**  aaaaal> 
cal  oloaoBU  (rofalar  (rapba  of  first  or  aooaai 
dogroo)  la  doaoattratal  bj  tbs  folloalBg  ra^Uar 
DStaorka  of  flga.  14a  i  b,  Oi  4  oltb  oooa  ■■  aa4 
tig*.  13*.  b.  a  with  odd  I.  la  flga.  Ua.  b.  a,  4 
a  dlttlocUoa  la  aada  botwaoB  aaca  of  tbo  braiwhai 
aaanitlnr  froa  a  acda  bj  coding,  fba  oblaetlwa  at 
tbs  OTTitbaaiB  la  tha  aatohlog  of  tha  codad  braarbio 
la  tha  foraatlsa  at  tha  nataork. 
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fig.  19a 
•4  t  -7 
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fig.  14a 
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fig-  14b'' 

V  a  J  ■  =U 


fig.  Ua 

tf  a  4  U  «  U 


'C''' 


\x 


''  '  J 


la  fig.  IJa  aod  13k  a  dlatlnotlca  U 
Vatwaaa  pairs  of  o'  w  aasn  branchaa  saai 
ararj  ana  of  tbs  1^-  odd  oodsa. 


atlng  froa 


fig-  13b 


Ooa  raoegjilaaa  laaadlatalg  that  a  dlatlaat 
diffaransa  axlats  batasaa  rngular  aataorka  with 
awsB  aad  with  odd  I.  la  tha  casa  of  odd  I  a 
oloaad  path  abloh  goas  tiiroa^  all  aodsa  of  tha 
ragnlar  nataork  oolf  ecca  la  ooa  dlraotloa  alaaja 
axis,  a  along  ons  t/pa  of  braaebaa  a.g.  la 
13  b.  Such  4  oloaad  path  abloh  goas  through  all 
Twrli-t  oclp  ones  la  ona  dlraotloa  (but  not  aaosos- 
arllf  aloag  all  br«oobas)  !a  oallad  a  Baalltoa 
llaa.  Ihua  a  ngular  graph  with  aa  odd  niaabar  af 
Bodaa  aad  hanca  nodas  of  otaa  rank  la  ooaposad  of 
tUMdltoa  llBOa.  Slnoa  oaa  caa  go  along  all  braaok 
Haas  la  a  oloaad  path  bj  folimog  aarlallg  tha 
kaailtoB  lloas  la  tha  nataork  ona  caa  atata  that  a 
elMod  p>ath  sxlata  ablch  goas  through  all  braachaa 
onl/  ones  la  oaa  dlractlon.  fha  axlataacs  of  this 
path  callad  tha  Eular  Uaa  dapaada  on  tha  fact 
that  n  nataork  with  aodas  af  aaao  raak  oaa  ba 
thoo^t  of  aa  balng  ooapoasd  of  slonantarp  crajha 
of  aaoaoA  dograo.  Suoh  a  aartaork  or  graph  la  thaa 
callad  a  Eular  graph.  la  tha  eaaa  of  a  oloaad  path 
abloli  gosa  through  all  aodaa  of  tho  nataork  ctOg 
ooeo  la  ooo  dlrootloo  a  Eaadltoo  Uaa  asp  axlat 
aloaag  saquoatlallf  pamd  branch  a.g.  allaraata 

- aad -  In  fig.  14bt  or  mof  sot  axlat  aa 

In  fig.  14d  Btiars  aajr  pair  of  dlfforont  codad 
branchsa  abon  altarnatsd  flalda  two  nonlotorttotiag 
loops  6  nodoa  oath  aa  lllustratsd  la  figs. 

Mdl  ai^  UdZ. 

hr 


y'  vyv? 

flg.Udl  T  /  flg.M«v,  ^ 

Sladlarlj  tao  Bataorka  hBrlag  axactlf  tha  Sana 
mabar  of  nodas  and  brarrhaa  can  ba  topologlaallf 
dlffarent  la  tha  Sanaa  that  la  oaa  a  Hmllton  llaa 
axlata  ahlla  In  tha  ethar  a  Bnolltco  Una  doaa  aat 
axlat.  for  axanplt  baa  aodaa  of  mk  thrao  aaoh 
oouM  ba  arraegad  In  tbs  foras  of  tho  folloatag 
ooof Iguratlona ,  fig.  l(a  and  Uh. 


rig.  I(a 


rig.  Ub 


Th«  Mtcork  of  tig.  l6k  oonMlna  cloead  paths 
through  *11  nodal  In  tha  mt  auoh  that  proeaadlnf 
alh/ig  ooa  of  thaat  pnthi  al]  noiai  ara  paatad  only 
ooca  In  ona  dlractlooi  l.a  a  Baal]t-<n  liaa.  Par 
hxaspla  tha  Baailtoa  Una  datantnod  bp  tha  eloaad 
;ach  (olnc  through  tha  nodaa  l-2-^-d-5^-7-8-9“l<>*l 
Qua  raoocnlaaa  laaaadlataXj  that  in  tha  nataork  of 
fl(.l6b  tha  fersattoo  of  a  oloaad  path  ablcta  (oas 
through  all  nodaa  onlp  onca  ia  lapoaiibla,  for 
axarpla  In  tha  oloaad  path  l-5-i-7'Q*10-J-}-4-5-i 
tha  branch  bataacn  nodaa  )  and  1  la  uaad  talei, 
foraard  and  backward, (a  ahutlla)  nodi  )  balnf 
paatad  talca  to  attain  a  eloaad  path. 

On  the  othar  hand  taking  tha  .-.ahaorka  of  figs. 
Ua,  bi  c  and  15  a,  b,  ona  can  Onaidar  tha  graph, 
l.a,  natworka,  to  conaiat  of  factors  If  ona  daflnaa 
tha  factora  rf  tha  graph  aa  aubgrapha  atiloh  whan 
takan  In  pairs  do  not  haaa  coonon  branchaa,  but 
thara  tha  aaaa  nodaa.  Tha  procaat  of  anal/aing  a 
grnph  in  tarsa  of  aubgrapha  aubjcct  to  tha  abowa 
cocultloo  ia  callad  factcrltlng.  faetorltation  of 
regular  grspha  slth  an  awan  nia^jtr  of  nodaa  pialda 
alassntarp  grapha  of  flrat  dtg.-aa  at  faotora,  ahtla 
ragular  grapha  with  an  odd  nuabar  of  nodaa  ylalda 
faotora  of  aacend  dagraa  in  tha  fora  of  loo|>a. 
{Raailton  llnac  and  Eular  llraa.)  In  thla  117  ona 
arrlwaa  again  at  tha  alaawntatj  building  blooKa 
of  natsorks, 

1  apaclal  caaa  It  tha  coaplata  nataork  alth  a 
aaxlauB  Index  of  conneotlwlt/  ml  on  rttn  nuabar 
of  nodei  i^s  2,^  1)  which  eonslttt  of 

2a  -  1  factora  of  flrat  dagraa.  fha  pirocata  of 
faotcrrlsatlcn  of  a  conplatt  rtataork  rith  aa  awan 
nviabir  of  nodaa  eorraapMndi  to  coablnliv  I*  2a 
alaaanta  Into  a  patlrt  auch  that  averf  alaaant  la 
palrad  2a  •  1  with  rrtry  othar  alaaant  area,  for 
auapla  In  tha  ccaplata  nataoik  thown  baloo  In  fig. 
17a,  b,  c,  wl  six  nodet  than  art  flrt  factora 
thown  aa  codid  lloat. 


Mg-jraa  17a,  b,  e  rapraaent  topological  17  Identloal 
nataork  conflgurallona.  Seonctrlca?  Ij  17a  la  tha 
p’.&oar  hexaecn  wertlon,  17b  tha  threa  dlaanslonal 
ootahodron  waralcr.  and  la  17c  tha  nodea  1  .  thown 
to  ba  located  along  two  parallwl  olrcxafa  ,rcus  of 
a  c/llnd#r,  l.a,  tha  double  tall  rcralon  of  17»- 
Bot  ararr  graph  can  be  apllt  into  regular  factors, 
auch  grapfia  art  than  called  prlaltlra  annlogoui  to 
tha  prise  nuobara  which  defy  factorl  tailor,  da  an 
axacple  the  graph  of  fig.  IB  It  a  prlalilwe  graph 
dafying  faetorltation  Ir.  at  ouch  aa  noda  C  la  not 


of  tfca  olrclaa  of  tko  grapk. 


frlnltlwa  rogslar  grapha 
alth  Bodos  of  third  dagraa. 


f.  BClCBTcS  isnodcs. 

1  ganeral  nataork  ahall  ba  deflaad  aa  otis 
whoaa  nodaa  ara  of  rank  adial  to  two  or  lorgar 
than  two.  a  ganarat  nata«rt  oiat  contain  althar 
all  or  aona  of  tha  ebaraotarlatlea  aaaoolatad 
alth  traaa  aitd  regular  grapha  dlacuaiad  bafers. 

In  •>  ruch  aa  tbaaa  oonflfuratJoea  aro  aubgrapha 
of  tha  nataork  graph,  for  azaapla  the  natvorfc 
of  fig.5  on  pars  j  la  a  gaoarsl  grajh  coetalnlag 
nodaa  of  awan  and  odd  rank  (dagTsa).  la  tha 
n.Abar  of  nodaa  of  odd  dagraa  auat  ba  awaa  la 
xccordanca  with  fnmula  {2}  on  pagw  5  thair 
rank  can  ba  Incraaaad  to  aa  awan  flgura  bj 
addition  of  branchaa  which  Intwrconnact  tha  odd 
dagraa  (rank)  nodaa  oo]j.  Thua  by  Inaartloa  of 
four  dashad  ilna  braaebaa  Into  tha  nataork  of 
fig.  5  ona  obtalna  tha  aatwork  ahoaa  baloa  aa 
fig.  19,  Thla  nataork  Kaa  now  onlj  nodaa  of  asaa 
rank  and  ia  thwrafora  cowpoaad  of  alawantary 
grapha  of  aecond  dagrae  and  hanct  an  Sular  graph 
as  discussad  bafora.  Tha  Eular  Una  that  la  tha 
closed  path  which  goea  through  all  nodea  at  laaat 
onca  and  cowara  all  brsusc'iaa  la  than  tha  following 


(l-llUll-»(5-2)(2-l)  1-5  (5-d)(d-J)  5-d  (d-12) 

(12-l\  4-i  (6-5)(5-b)(8.9)(9-7)(7-6)(6-7)  J-7 

{7-10)(10-l) 


By  r.'suying  tha  pravloisly  Inaarted  four  daabad 
branches  again  tha  Eular  line  ia  broken  up  Into 
four  open  noninterfwrlrg  routes  stilla  tha 
orlrlnal  nataork  of  flgurw  5  which  conUlnad 
?p  -  r  nodwa  of  odd  degrwe  is  restorwd.  Thus  oam 
cun  deduct  that  thla  aathod  pwmlta  tha  eatablllb- 
oent  of  p  nonlnterfwrlng  routaa  (nonlntarferlng 
acana  that  therw  are  no  hranchea  in  any  ona  of 
thesw  open  routea  which  ara  sharad  by  any  othar 
of  these  routws)  In  any  ganaral  nataork  contalnlag 
2p  nodes  of  odd  rank, 

Iny  general  network  can  bw  conalderad  to  ba  aa 
agfTwgsla  of  fundaaantal  slructurea  or  trwas  of 
different  f aal  ly  oewhers  ahlch  ara  auparlopoaad 
on  each  othar  such  that  thair  nodea  cotulda. 

This  ia  llluatrated  for  the  caaa  of  fig.  5  aol 
fig.  19  below  ia  fig.  20a,  b,  and  o. 
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It  htM  t»««a  tthovn  btfor*  th«  rviAibw  df  <lg«> 

nl^tnt  tr«#  eonfl^ur<«tlorui  (fuA4aa«nt4l  ttructur**) 
V«<30ao4  qulU  for  tMll  ms)t»«r«  of  no4o«« 

for  ••looting  A  pi'Actlcol  ■•A/^lrwfful  ••(  of  •Aiiago- 
able  «lt«  out  of  tA«  pcsjlblo  nucbor  of  tignlflCAat 
fu^iviaeentAl  ttr^turat  onA  roaultAat  4lstinotir« 
ootvorkst  tho  topologiOAl  pArAstttr*  of  dloaotor 
and  radius  of  a  tr««  aM  th«  height  of  It*  nodes 
\n  laras  of  iranchM  is  introduced  as  unite.  Tbui 
QD«  vtj  ask  for  the  longest  path  l*e«  the  dlaaetar 
XhrCMffi  the  tree  in  tema  of  nmber  of  branches 
between  nodes  and  the  looation  of  a  node  or  nodes  la 
ths  tree  whose  naxlaup  dlstarcs  froa  other  nodes 
beo^e  s  Blnlsrua.  Ibess  codes  ars  then  the  centers  of 
linear  extension  of  the  tree  froa  where  all  other 
nodes  can  be  reached  along  a  path  which  contains 
at  the  aost  r  branchee,  equilarent  to  the  redioe 
of  the  tree.  The  eentore  of  linear  extension  and  the 
radius  of  the  tree  are  found  eucceesleelj  b/  cutting 
off  nodes  of  degree  one  froe  the  tree,  l.e.  the 
Outer  nodes  of  the  tree.  In  fig.  20s  three  cuts 
reduce  the  tree  to  one  center  of  linear  extension 
C  •  while  1q  fig.  20b  four  eute  are  required.  IT 
T  Is  the  Duaber  of  cuts,  the  dlaater  ^  these 
trees  Is  then  d  *  2r  >  6  and  6  branches  long. 

In  fig.  20e  hoverer,  r  -  4  cuts  reduce  the  tree  to 
two  centers  of  linear  extension  C,  and  and 
henca  r  >  1  outs  reduce  ths  tree  to  an  elenentasy 
graph  of  first  degree  wtioes  end  pointe  and 
axe  ruconnected  bj  the  axes  of  linear  extenstoo  of 
the  tree.  The  dlaaeter  of  thle  tree  la  fig.  20d 
which  has  a  blcenter  Is  d  »  2r  -  1.  If  the 
•  ucceeslT#  cutting  off  of  nodes  of  degree  orvs  leads 
to  onljr  ons  center,  l.e.  If  the  r  -  1  cut  lesres 
a  star  t/ps  configuration  then  the  dlaneter  of  a 
tree  eith  a  elnglt  centsr  of  linear  extension  as 
•hoen  before  is  d  ^  2r.  Or  one  fiajr  Investigats 
how  aat^  branches  do  etsanate  froa  a  node  to  other 


oedss  la  the  tros  and  ehat  are  the  nuhber  of 
brai^hes  la  these  aain  branches.  The  aaxiaiA 
Ms^er  of  thss«  branches  represent  then  a 
topelcgleal  paiMsater  of  this  nods  In  relatioa 
to  other  nodes  which  is  oalled  ths  height  of  tho 
node.  Ibis  Is  shoaa  la  fig.  21  below.  Nodes 
hawli^  olnla-iO  heights  sxe  Indloatod  as  caaters 
of  aasa  M* 


fhe  topological  aeight  is  a  reUtlws  oeasure  of 
coonectlvlt/  of  a  node  to  all  otlisr  nodes  In  tho 
tree.  That  t‘ie  C'*nter  of  oass  need  not  coincide 
with  the  eunter  of  linear  extension  is  deaonstratod 


the  tree  of  fig. 22a  has  a  slngls  oentsr  of  aaas 
bat  a  blcenter  of  liitear  extensloa  whlls  ths  tree 
of  flf.  22b  has  a  blcenter  of  aast  and  a  single 
eenter  of  linear  extension.  Ones  the  nodes  hare 
been  weighted  in  each  tree  configuration  the  tree* 
caa  be  superleposed  and  their  topological  heights 
of  the  nodes  suened  and  averaged  with  reepeet  to 
the  n'Sftber  of  euperlxposed  trees.  Ibis  is  deisoo* 

•  trated  for  the  network  of  fig.  2}  which  oooes 
ab«ii  bs  ths  superpoeltlon  of  fl<te.  21a.  b.  e, 
with  ths  rweultant  weights  W-  • 

*1.  ^  ‘ 

cs  soqsj  Id  vwe  t 
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10. 


«*lghU  Introauc*  t»i«  oorr—femAmou 
ralatldts  b«t««ra  «ao*unie*H*B  mytm  alaarata 
Atti  th«  orgcni*«tlocBil  r«l4tlo<M  tH*  l»»g«r 

A.g.  th«  cooBunlotlon*  suthort^  of  «>• 
m«ro  usoolotod  wltn  tba  noda*.  dsolocoua  to  tha 
Bal£t>tlag  of  ftodaa.  aoistiU  eott  ka  aaal«nod  to 
tna  brarshaa.  “Itia  kraach  aat^U  eaa  ka  ueod  ta 
alpraia  tha  aarloua  chara«tarlatlea«  a.g.  trana- 
alaaloo  aubayataoo  able»\  ara  a/akolltad  kg  tha 
branchaa  irelapatkSaBt  of  tha  aal()ita  of  tha  oadaa, 
or  hr  folloaln*  atrtciljr  tha  togologoelal 
hlararclv  of  tna  ootaa.  tha  aalghta  of  a  pair  of 
aodaa  eaa  ka  traoaforrad  to  tha  eonnacUog  kranch 
la  taraa  of  an  araraga.  froo  tig.  2J  ona  gala 
than  fig.  24  ahara  lha  oodai  ara  aoa  laballat  4 
through  L. 


Itia  oantara  of  aaaa  and  Untar  axtanalsa  of  tha 
fualaaontal  atructvraa  of  flga.  2U«  k,  and  s 
B,  F,  and  H  aiatlhSuJahad  ky  ©  la  tha  aat.  If 
ooa  danotat  kjr  1  tha  n.«^r  of  kraachaa  ia  a  path 
going  froa  one  noda  to  another  anl  kj  ih,  tha 
a.Matloo  of  aal^ta  on  tha  1  kranchaa  la  tha 
apaclflc  path  thaa  ooa  e«*  arolTo  taklaa  of  tha 
follOTli^  type,  a.g.  for  all  poaalkla  patha  which 
go  throu^  a  node  only  oiKt  to  link  1  with  L.  and 


r  arlth  B. 

FklUS  FRCB 

A  to  k 

gr.at 

Ir.of 

Hr.  of 

•r.  of 

patha 

branobas  Bodaa  pastad  cantara  aaaa 

fk 

paassd 

paasa4 

2 

4 

AFcn. 

1 

0 

37.35 

lam. 

0 

0 

40.875 

> 

5 

ABFBx*. 

> 

1 

41.055 

ABFSn. 

2 

1 

42.650 

dJCIBL 

1 

0 

50.175 

J 

4 

ABfVtat 

> 

1 

53.035 

APeOBHk 

2 

0 

53.765 

Ajormi 

2 

0 

55.125 

ucrtBi, 

1 

0 

54.250 

dXCBSlI. 

1 

0 

57.625 

4 

7 

Atneran. 

J 

1 

<1.375 

itCaPEIL 

2 

1 

65.125 

AJCPBCBL 

2 

1 

<4.675 

AJCIfOOlL 

I 

0 

<9.125 

2 

• 

ABFCinehL 

> 

1 

71.700 

aii:bkibi. 

J 

1 

75.375 

I 

Aj^FBczieav 

> 

1 

61.625 

2 

10 

AjoinerbCDi, 

3 

I 

92.375 

AKCBFSIHlSl. 

3 

1 

93.250 

Br. 

of  Br.  of 

Br.Of 

Br.ef 

nathi  braohat  Bodsa/paaaad  eaoatra  azaa 

pastad 

paaaa* 

1 

2 

FTO 

1 

0 

lfi.675 

1 

5 

FBCB 

2 

1 

24.»73 

1 

4 

rvKts 

2 

0 

35.625 

2 

5 

FkAACD 

2 

1 

44.205 

FCIHU 

2 

0 

47.425 

rciHES 

2 

0 

47.875 

2 

6 

FSJAhCB 

X 

0 

5<.535 

FQJAKL-B 

1 

0 

60.375 

2 

8 

FBUCIIUS 

3 

X 

74.535 

FBAJQldU 

5 

1 

7<.2a5 

2 

3 

FtaiojAacs 

3 

0 

84.055 

FOUCJAXCB 

3 

0 

87.?25 

2 

10 

pSCKAJCIBiI 

5 

1 

94.875 

PBCXAJOIfiMl 

5 

X 

36.625 

noting  that  t  oaa  ba  laft  owar  )  branchaa  aad  1. 
can  ba  antarad  by  2  braaohaa ,  tha  5  r  2  *  ^ 

altuationa  for  paths  A  to  L  ara  shown  la  flg.Zg 
Tha  niabar  of  patha  for  aaaiy  altuatloa  la  glwaa 
In  paranthaaaa. 


tlwaOTal  Of  two  branchaw  out  of  k  and  ona  binaah 
out  of  L  raducaa  tha  nstwork  to  a  16  -  )  :  1} 
branch  graph  for  arary  alluatlon  with  an  Indas  it 
eonnaotlvlty  of  2,  adullavant  to  oootalnlng  2 
clrclaa  and  hanca  up  to  2  z  2^4  poail’  la 
patha  at  tha  aoat. 

Tha  possible  sltuatlona  for  patha  froa  F  ta  ■ 
can  ba  consldarad  In  Ilk*  aannar.  giaoial  of  taa 
branchaa  free  F  and  two  branchaa  froa  D  at  a  Uaa 
In  arary  altuatloa  yield,  a  l6  •  4  -  I2  branch 
graph  with  an  indwx  of  connsotlrlty  of  1,  oqolT- 
alant  to  coaUlnl^g  one  clrola,  bancs  2  a  1  =  2 
possible  paths  at  tha  aoat. 

In  ganaralt  paths  batwaan  nodaa  X  and  T  of  a 
network  bavlig  p  nodaa  and  b  branchaw,  and  aa  ladaa 
of  eonnaotlvlty  b  whara  9  w  |  .  l  ara 
dlatlngulshtd  by  wi  altuationa,  whara  tfa  la 
tha  rank  of  noda  X  and  la  tha  rank  of  ooda  T< 
Erscy  situation  anountt  to  a  tubgraph  of  lha  aat- 
work  graph  which  eoatalna  tha  nodaa  X  and  T  an 
tsrzlnal  nodaa  of  rank  ona  aa  a  rasult  of  ranoaal 
of  tha  (v,,*!)  k  (ul-1)  branohia  laadlng  Inta 
X  and  T  raapaotlwaly .  If  tha  original  oatwcirk 
hod  an  Index  of  eonnaotlvlty  (x  than  tha  sub¬ 
graphs  have  an  Index  of  connectivity 
equivalent  to  tha  niabar  of  olroxas  In  tha  siA- 
graph.  Since  there  are  two  posalblw  ways  of 
passing  through  a  circle  thsra  are  up  to 

X  and  T  In  a  altuatloa  eorrat{ioedl^ 
to  tha  aubf^aph* 


9.  TCPOUOlSiL  OIPLICtnoVS  UDAIDin 
coaoriCATKas  ststw. 

KiaapU  1. 

lb*  UklM  ca  pag*  4  eaa  to*  Btlllsad  am  fellcm* 
a.  SUt— at  at  tha  prabl^  TtMra  arm  aln* 
iraasolaaloa  avallabla  altli  ahleh  ta 

eoanaat  a  of  taa  atatloao*  Six  of  tfio  taa 

atatlooa  ayaboUtai  bjT  ‘‘aiaa  at  raak  oaa.  froa  tha 
roaalnlns  four  sUUooa<  too  ara  aqolppad  to  aorra 
aa  ralojr  atatloaa,  a/i^oUioA  hj  aodoa  of  raak 
two.  IB  ganaral  aet  aora  that  flra  tnuik  ooupa 
eaa  ba  tarelnatad  la  a  atatlOBi  l>a.  tha  hlfbaat 
paralailbla  rank  .^f  a  ooda  la  Ualtad  to  flra.  la 
boa  aaipr  alcnlflcaatXy  dlffareat  eoaflguratlaaa 
"»a  Uia  aTallabla  cubayataaa  ba  4opl<9a4  undar 
tha  glraa  oondttleai. 

b.  na  aololloau  Vr«a  tba  tablaa  It  folloM 
that  thara  ara  only  tao  faalllaa  of  fundaaantal 
atrwtuiaa  (a,  =<,  a.  Oa=l,  a,  a  l) 
x,*2. 

altho*a8  ali,ilflcaiit  aaObara  la  tha  flrat,  aal 
o'  -S  algnlf leant  aaabara  in  tha  aacoai  faaily. 
Banoa  thara  ara  1)  dlffarant  eocif iguratlona  la 
ahleh  to  daploy  tha  arallabla  subayataaa,  ahoaa 
bora. 


aoaflgaratloaa  of  araapla  !•  FIc* 

Iba  ragalraaiiit  at  alala^  railaa  of  llaaar 
axtOMloa  la  alth  r  x  2  and  *1—tag  4  >  4 
braaohoa  frea  taralBal  ao  tJnrtaal  aata  alaa  aa« 
by  cmfha  7,  a,  aai  1). 

Iba  ratiilrMBirt  of  oolaBl4«aa  at  aoatara  at 
Uaaar  axtaaaloa  aa4  aaatav  of  mam  la  oaly  aat 
^  eraiba  7  and  1).  la  aa  mak  m  ^ayh  8  baa  a 
hleaator  of  aaoa. 

IbtM  both  traa  ooBflgvatloaa  7  aad  1>  Bill 
aolt  tha  roqulraoaBta.  1  e»<farlaoa  of  tha  apraad 
of  tha  topolocleal  hol«^ta  of  tba  aodoa  of  7  aad 
15  ahoaa  hoaorar  that  confldwatloa  7  raflaeta  a 
higbar  dagraa  of  oaatrallaatlca  that  doaa  (raph 

U- 

&a«pla  5. 

a.  Stataeont  to  tha  prohlaa.  Iba  eoaoMBloatoaa 
aaaoelatad  alth  tha  10  atattloaa  af  aiaapla  1  Kara 
dlffaront  alaalooa.  Soao  otaUoaa  nay  for  Inotaaoa 
aarro  pradooliauitly  enaaoni ca tora  alth  a  loglatleal 
aiaatoo.  fvory  usor  or^taltatloa  la  oaatraUotla 
ao  far  aa  laforMtl'xi  oharlas  la  tiUTaiil  aid 
axehanga  of  infomatloB  bataaaa  too  tfpaa  af  uaar 
orgaalaotlona  usual  ly  laaolraa  lha  hlg^  aoholoaa 
of  both  organlaatloDO.  Tha  laforaatloa  aaohaaga 
ahall  ba  accoapllshad  aaally  aad  opaodlly.  la 
toraa  of  tha  topologloal  paraaataro  tola  aaana 
a  raqulraamt  for> 

Kxiataaoo  of  a  bleantor  of  aaoa.  {tea  far 
latalll(aoaa,  ooa  for  logiatlca) 

Tha  axlatanca  of  a  alafl*  caatar  af  Uaaar 
axtansiaa,  ptaf'-ral  1;  aoloeldlaK  alth  oaa  aaatar 
of  aaia  and  ocaurrlag  claao  ta  tha  othar. 
d  slalaiai  dlaaatar  af  Uaaar  axtaaoloa. 


A  alnlui  radlua  of  llaaor  axtiaalna, 
b.  Iba  aolullaa.  Iba  only  aaaf  Ixuratlni  ahloh 
aaata  thaaa  raqalraMaata  la  that  traa  Uballad 
d«  la  azaopla  L. 

Buayla  4> 

a.  Stataacnt  of  tha  prohlta.  Ibara  la 
aquliMBt  aTollabla  to  aat  of  mix  aaitahtac 
azcbaacai  altb  four  trato  croupa  aach ,  rbara 
rrarj  trmk  group  out  af  tha  fav  atlUiai  a 
dlffaroot  typo  of  tranaaliBlca  aadloa,  or  dlfforaat 
rig.  26  typo  of  traoaalanioit  aoda,  alth  carraopoadlag 

traosBittar  am  racalrar  tamial  aqalpBeat.  Boa 
can  tha  air  aichajigaa  ba  IntarcaaBoctad  ao  that' 
tha  unde  or  aadlna  of  tha  trtok  iroupa  totcb  If 
aacb  typo  out  af  tha  fov  dlfforaat  typaa  of 
Bzaapla  2.  tranaalsaloe  aodaa  or  aadlaa  la  aaad  for  a  total 

al  Statasaat  of  tha  problaa.  Iba  eooaunlcatora  at  thraa  traiaalaaloa  Unfca  hataaaa  tha  oichangaa. 

aaioctatad  alth  tha  tan  atatlona  of  axaapla  1  ara  I»  toraa  of  tba  topological  paxtoatara,  tha 

orgaalaod  along  a  highly  ccntraliaad  pattara.  Tha  ragular  oataork  alth  all  nodaa  of  raak  four  aaoh 
layout  of  tha  ao«nailcatl«>a  ayataa  auat  eoafora  haa  ta  eonaltt  of  few  factora  toaaa  tha  raotora 

to  tha  cantrallatlc  atruotura.  Thus  la  tarua  of  ona  alaaantaiy  grapha  of  flrat  dagraa  abloh  ahaa 

tha  topologloal  pararatsra  disouaaad  prarlovaly  takan  In  palra  do  oat  baaa  amato  hzaacbaa  bat 

tha  folloalng  raqulraacata  bora  to  ba  Mti  >*y  ahare  cceuoa  uodta  of  the  aat.  Brcry  futor 

blatanoa  of  only  a  almla  eoaaar  «f  ouat  eoaprlaa  thraa  biaacbas  la  too  aataork. 

Una.r  oiUoalaa.  *Me»>  •»"  *  =i»*  *d  •>  12  braaohoa. 

Klnlaua  radlua  of  Uaaar  axtaoBloa  ao  aa  b.  Tba  solonoB.  Tba  raffular  aataork  aay  flrat 

to  provlda  for  ciaaaat  proxlalty  of  aodaa  to  bo  conaldcrad  aa  a  ccaplota  aataeck  ihara  raarr 
tha  ccnUr  node.  of  caxk  flaa.  Ible  natatarb  la  tha-.  a 

Coincidence  of  tha  oantar  of  linear  axtaooloa  apaclal  caao  of  tha  cavpleta  ragalar  nataork  th 
alth  tha  canter  of  aaaa  la  oonforaanca  altta  •»  area  ouabar  of  nodco  B  a  6  r  Za  ahar'.  a  5 

tha  organlxatlooal  blaarchy  of  tha  coaaunlaatora.  conalaltng  of  7a  -1x6-1=)  factora  Ir,  /tuo 
b.  Tha  aolutloa.  Tba  r«tulra<  adotanoa  of  a  fona  of  alaaartary  grapha  of  flrat  dagraa.  la 
alngle  cantor  of  linear  extension  lialta  tha  aalaotloa  ahnwn  In  flga.  17  a.  be  had  a.  allalnatlon  of 
to  grapha  7,  8,  and  15  cut  of  lha  arallabla  ‘"'a  factor,  for  InatajM,  the  ana  comlaUi«  of 


95 


th*  brmnch**  tho^m  bv  — —  of  n£«  17 

r«4ac««  tho  eonplete  n*t»c'rk  «6  thm  t^iOrv^  mkwork 
•Ith  nodO  H  rank  four,  1ft  t»w  foro  of  th«  r«quir*< 
fo«*  foctofo«  aytt^ollilne  ih*  four  ^pcs  of  difr«r««t 
Ir^Malstloi  •npdi*  or  O3«ocl»t«d  *lto 

tnok  ftovp  «£lofttlr«  froo  ft  OftltcMof  coaWr  ft* 

•Im^b  b«loo« 


PlfttAT  rOt:bl«  bolt 


Tcrftlo^  ^rsioft. 

5- 

••  StftUcffot  of  th«  cotBOrk  of 

ftXftopl*  4«  stfttiio  of  flubfcrtbrro  ia  ihm  locftl 
ftr«ft  of  the  czchftr^if  or  th«  operaticcftl  ftlfttft 
of  tb«  exc^Ac^  to  aubjaot  to  chance.  '!bM«  chan^oft 
hftva  to  ba  to  the  atteriloo  of  the  auptr- 

▼iBOr*  of  all  othar  •xeh4r\^«a  in  the  fcra  of 
ftttpaoleoT7  c^easa^Tei  contAlrdr^«  for  lratfthca» 
directory  u^datlru^  InforTkAtloo,  atc««  at^  thftt 
the  orl^bfttor  of  the  auce.Tlaory  »et^«^  la  ebla 
to  dater-ioa  if  ftU  other  exchaofe  atcenria^rft 
feifTa  received  hia  ffieaaa^-  l^e  rrceedure  for 
ItafilUr^  Uie  buperrlJory  ee«aa«;e*  of  this  \y^ 
aSftU  be  8u£H  that  the  If  tat  aaourt  cf  cMutvrifl 
oepaeity  ta  th#  net  ie  diverts  froc;  aubacribor 
aertice  tv  th«  a/stea  auperrlaioo  art*  ceotrol* 

b*  The  iclutiort*  In  terw  of  tie  topoloclcftl 
pftrmoeton*  eup«rviaox7  c.easftt.'ea  cac  be  circuiatef 
ftloc^  a  cloBod  pfttn  fiotn^  throudih  all  nodes  oni^ 

OEce  In  one  dlreetloa,  that  li«  thrcugh  HftoiltoB 
lioee  vhich  ia  the  e^ven  c«ji«  are  Mde  up  of  We 
out  of  the  four  fcJtore*  «.f«  loUovir\c  a  path 
Out  of  and  tack  into  tha  ori^ noting  node  alof^ 
aliematic^  coSM  lin-i.  there  ^ 

wlatiens  poaalble  hence  \2  cloeed  tHrou^ 

the  aiz  nocee  can  be  utilized.  Tor  m2;le,  the  firei 
oriclnetlr^  sopenrioor  akT  chooae  -a-er-  .  the 
second  supervisor  haviru;  received  the  sesaaj^  via 
— A— aarks  It —a- a—,  notes  the  eenteat  arJ  eer^d* 

It  oot  over--  — The  third  superviscr  r«*celves 

the  aeaes^a  ever - f  narks  It - •  and  aijet 

noa  send  it  out  over  ^a-a-,  Troo  noa  oa  the 
aessa^  has  the  predetcrai ncd  roatitvt~a  a—, 
ahlch  lesds  back  to  the  orl^nstort  aho  apoe  Correct 
reception  of  bis  om  sressa^  is  thus  Insured  of 
dellTorr  to  all  others.  If  one  of  the  superviaos^ 
does  not  vaat  to  sc'^no•lod/^  the  content  becftusa 
of  ctrbled  text,  h*  rarks  failure  of  acHw}w!e-:eaeat 

and  aft/  seed  the  mesaaj^  forward —a- a- , -  or 

backesrd a— a- .  In  either  vaj  the  ori^D» 
ator  vho  ^ta  bis  oessa^TS  back,  in  the  first  case 
- --vheo  the  routln,?  has  passed  tHroui^  all 
supervisors,  aren  thow^  ao^  of  the  supervisors 
did  not  ScVaevled^  the  text,  in  the  secend  Casa  the 
originator  rets  hi*  ro:>A;:e  back  ever  the  sai^e 
truf^  labelled,  over  ehlch  ha  sent  the  aessa^e  out. 
thoa  the  aiapervlaor/  ne^es/^e  a**/  :ot  onlj  aerva  fw 
the  eschar^  cf  aupervlsoi^r  aesaaces  beWeea 
cxchai^s,  bxt  also  as  a  test  patters,  from  shiofe 


the  originator  obtains  nee  inforseatlon  about  the 
epsratioflal  status  and  the  perforseusee  of  the 
•ystee,  »lth  a  alnlaua  diversion  ot  channal  space 
for  eyst  supervision  and  control.  In  general 
the  iaplicaiione,  re-'ardlng  coraanicatlcne ,  Of 
the  axistvnea  of  Hamilton  llnaa  In  a  network  in 
the  ll^i  of  the  forvardii^  and  processing  of 
supervisory  messages  arc  eaaiVy  xvccgrUsed  by  a 
coaparisofi  of  the  netsorke  of  fig.  1^  and  16b, 

In  the  neteork  of  fig,  16  a  the  Haallton  line 
pvrvlts  the  proceduTvs  of  supervleion  discussed 
before,  shlle  It  is  readily  recomised  that  in 
the  network  Of  fig.  I6b  such  more  sopnlsticated 
procedures  of  supervlocry  av^sege  fonrardlng  and 
processlfikg  ara  necessary,  'niare  one  of  the  acilching 
centers  oust  iiaas  the  ocssage  on  at  least  tvloe 
In  t«o  different  directions  accenpanied  by  a 
rather  tedious  recoa’nillon  ami  boohing  procedure 
to  make  sure  that  every  one  Is  notified,  vhiob 
in  Itself  produces  an  excesslvm  aupenrlsory 
traffic  loading, 

ejba^pla  6, 

a,  Statecent  of  the  problem.  All  of  the 
tionks  In  the  rwtvork  of  example  ^  shall  bs 
protected  by  loading  them  sitb  pmeudo  rorvSom 
carriers  vtilch  are  eciarmted  ajxl  controlled  from 
ons  -aster  key  Kereratcr  which  can  be  located  a/\y* 
where  In  the  network.  To  oention  m  coDtrovsrsial 
Subject,  the  network  shall  be  syochronixed  «ith 
one  nftster  clock  Incat.'d  snyvhere  la  the  network. 

. nother  s^pllcaticn  would  be  a  test  procedure  for 
the  connectivity  of  the  net  by  mending  a  test 
eigtksl  out  und  having  It  returoed  back  ihrotigh  a 
closed  path  that  goes  through  all  trunks  of  the 
network, 

b<  The  solution.  In  terms  of  the  paraiwetsrs 
discussed  the  network  nunt  contalm  an  ^ler  line 
and  hence  It  is  required  that  the  nodes  of  the 
network  are  of  eveo  rank.  In  the  cms«  of  the  nst» 
•orks  cf  example  4  the  Bulsr  Horn  Is  glvsa  by 
branches  UbelJed  I  through  12  Id  fig,  2:J.  The 
Guier  line  leede  through  the  branches  lebelled 
con*it.'Cutiwely  1  to  12, 


ng,  2d 

fhiler  line. 


l^aaple  7, 

a.  Statement  of  the  problem.  Tl\e  network 
ehovn  in  fig.  29  has  6  nodes  of  rmzik  4  each, 
serving  several  different  equmlljr  Icportant 
tubecrlber  organizations  which  are  aesoclSted 
with  the  six  exchanges  A,  B,  C,  P,  t,  azxl  T.  Tbs 

eingle  center  of  the - orgam xati on  tree  is 

closely  associated  vith  eschar^  C,  Tbs  radius  of 

linear  extension  of  the - organization  shall  be 

two  branches,  Ibe  center  of  linwar  extensioa  aad 
the  center  of  mass  oonincide.  Therm  is  another 
.  -  .  ^  jb^,.  organlzatim  c*it  :h  is  served  by 

the  net,  which  hae  two  centerm  of  Uoear  exteneloa 

aesociated  with  D  aM  G.  and  a  third—  - - sub* 

ecrlber  organization  with  a  siry^lw  canter  of 
linear  extension  et  D,  butt^eeatera  of  mass,  one 
coi.icidlng  with  J>t  the  other  coinciding  vlth  R« 


I  - 

r 


th*  r**ult&nt  nijhtliw  of  tho  Mtvork  1*  roquirod.  oohtrol,  Md  O)i«r*tlon. 


auraaRES 

iMlB,  K.  -  PUnclplo*  of  TopolOfle«l 

rojroholoor.  (Book  -  acCr«»-aill). 


b.  Tb*  lolutiOD.  Froo  tho  lilting  of  til  dtttint 
tr«*«  eonttintd  In  tho  Mtwork>  fig.  I5bi  cm  pleko 
tt>o  trot  conf Igurotloni  Itbollod  bf  tho  coblnotlono 

6t7.1,5i5  whlen  flto  tho - orgtnlitlloBi  tho 

troo  7,3,10,7,5  ohlch  fits  tho . orgonltotloo, 

tad  tho  troo  7,10,2,4,5  oMch  fitt  tho - orgon- 

Itttloa  to  ahcn  indloldutllj 

or*'-. 


a  \ 


I 


....or 

7.!. 10. 2.5 


Tht  r«8ults  of  th«  ouporpoAltion  of  tho  Irooa 


Trunks  b«tws«a  t  iJid  F/Tarr^  Fnfonantion  for  all 
tKr««  orgHnitAtlcn  on  4  first  cholc*  btsis}  irunk4 
b«t«««n  t  and  B|  and  b«t«««n  A  4i>i  c  (br4r<ch«s  2 
4r.d  1C)  in  tht  net  here  tn  ca.^  irvfomotlon  for 
the and  the  -•  —  —  • -oro'orUxatlCMo  T^oa  the 
aelection  of  the  trAi^aaieelon  cedla  for  the  net 
■ost  be  cAde  In  such  a  ee/  th^t  ihe^conrectlTlty 
beteeen  the  nodes  C  and  F/l^  attefnBd  eith  ut?»cei 
reUabiil.ty»  since  Itai  Icpalrcent  wouM  effect 
all  three  equally  ia(,ort4nt  iiscr  o.^^anUei.  ons# 
rhe  rest  of  the  branches  cay  be  r.ade  less  costly* 
In  Vsis  »»y  4  hierarchy  In  the  -^Ivtjrsstslit/  of 
lA*  branchee  in  t/ie  heteork  rel  tire  to  a  nir.an 
user  a/stea  is  oer?loped  ehicn  influences  lesion 
i'Cisiona,  while  fron  Voc  list:fw;  of  '-ll  possible 
distinct  trees  in  t.se  i»el,  otner  typ^s  of  user 
orpani ^atior.a  a^i.boliie'l  by  tr«*ei  c;in  be  ro*ind 
vhicn  eould  also  suit  Ir.e  drei^. 


?rci  the  liaitei  (hvpn  nxscpleo  arvJ  the  ilscvi^sion 
there  is  indir*ied  the  ir^portance  and  sirpUf losoct  of 
lopolo-snf  en/:if>eerinc  of  cOTL,*Tuntcat  i  ons  ncieorio  for 
toe  es  tabl  ishaent  of  rid 'c  lln^a,  criteria  and 
aethods,  to  cuke  a  ipven  Or  reriired  set  of  oodes  of 
different  rank  (sy-bolisir.#*  c»?ntrAl  ofllce  3ub» 
8y»t*-fns  of  ilffer'^nt  slreji  ron-oajbl*  ejth  a  ^rrn 
or  required  set  cf  br'.oc'n*o  (syrxb  lizirv:  trana- 
aisiion  sibs^'ote  33  >  in  ’re  fore  •.  cc,  .n’x-\icsticr^ 
nei4cr>.M  ••ni'ji  .lare  to  reel  cor-.'i  j  nonii  r^V^ted  to 
t-oe  or.sifU  ^at*  t-aI  iTJCt  J"*;  of  the  c«y--  ir.lcttore, 
»essv,*c  hand  ling  prx'odures  ,  ru;*Tri  jjon. 
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XofOg 

Shlabtl 


Ihcory  d«r  CrajBt**. 

^  3triiBtur«  tn  CboaunicBtion*  Rata. 
(Sy^npoalm  on  Infornation  Hatworka, 
nolytachnle  Tiwtlluta  of  Brookljra. 
April  12-12,  1954). 


'un.: 
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Topol ogl*.  (Book 

Cllbsri,  E.  S.  •  Eliaoorallon  of  LaballM 

CrAfk\*.  (Canadian  Jojxoal  of  liatbcaatiea. 
(7ol.  e,  Ho.  }  PP  dO^-411, 
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SDmaMBOJTtt  oc»a*LDCirT  to  rxlxauxitt 

By:  *>b'.  R.  H*  Vllcox  and  Odr.  V.  R-  VwuMr 
Infomctlaa  i^t«aa  BtaacIi^  Offle«  of  Rcv»l  Rcwarck 


XJBeHOPUeTM 

Hn  llftrtiw  of  cqul^aent  may  br  thouBbt 

or  aa  aMMtlcm  of  Ita  ''up*  Xirntm  and 
tlmea  oatmaam  Uk  mjctrava  of  maaeahljr  Ili»a  aod 
Ju&k  fac^«  A  yemaml  of  tba  liieimtare  ahovt 
aytr  tte  yrara  tba  predominant  cmmeot  of 
our  afforta  Im  reUabUUy  Ym»  been  Uanud  mas* 
InitlfiB  the  up  tlmta.  ^a  la  aa  It  abould  ba« 
However,  eva  la  our  lateat  hardware,  lAcfi  we 
atrlng  toaatbar  tm  lacf^aaLoft  number  at  orltleal 
elamenta  TaJbelt  with  aaaller  IrwUrldatal  proU 
abllltlea  of  failoiw)  the  overall  probmbllltf 
of  failure  renmlna  al^lflcart  and  the  down  tinea 
are  etUl  vltb  ue.  Although  la  ••oy  ayateaa 
(e.g«,  mlaallna  sid  aaUllitaa)  nathlc«  can  be 
done  ooee  fatlara  occxire,  there  etUl  rrmaln  a 
great  many  conplea  ayettaa  In  which  e^iil^eat 
aalfi^ctlGiia  are  repaired  and  tba  g^tmr  la 
retunird  to  aanrloe* 

Ible  eub^ect  la  usually  treated  under  the  head¬ 
ing  of  "aalAtalmabUtty.”  However,  that  term 
refere  properly  to  the  acjilnl^ing  of  -p  tlac  for 
carh  unit  period  of  d<m»  time  (*)#  We  there¬ 
fore  have  chosen  the  ura  eerylceabjl  lly  for 
dlecueelok  In  order  to  eaphacl^e  fvr  l-rpurtance-- 
and  oegleet--  of  that  property  »  f  e».«plei 
equl^xsent  which,  eoaceding  the  lUcel'hjod  of 
period!  of  «ub-o^laal  perfomaoce  (lacluding 
complete  failure),  pemitt  us  to  etclJrtse  the 
iixA  durln*  which  the  syetea  is  o-^t  if  •ervlcs. 
Specifically,  the  word  aenrUcsbUlty  will 
include  hers  the  eapaclty  of  a  sy-t«  for  perelt- 
tLog  ready  rwcogaltlon  of  S'ib-optlaui  perfciaanc^ 
sLnple  diagnosis  of  the  cause  of  tr^le,  easy 
rectification  of  the  difficulties,  mai  rapid  re- 
optlmitlng  of  perfomaoce.  The  reLnS-l<mchlp 
between  tbeae  factors  la  liluctrated  iQ  fig*  l« 


lA  this  papar  wc  basa  two  ob>ctlsaat 

(a)  To  aatabllah  atatua  of  aervlsaabbll- 
Ity  aa  am  i^poriaart  coaplensnt  to  tha 
more  ccBvsntioaal  r»l  lability  eomaldara- 
tiou  in  tha  overall  problmm  of  afuliasat 
dependability. 

(b)  To  propoaa  that  a  theoretical  approach  to 
•enrlceabllity  would  be  helpful  la  della* 
eating  and  analysing  tha  ncostaaiy 
operlaanta  and  iatultlsa  design  and 
specification  woiA. 

m  3MPQRTAJK3  OP  S&n'lCXAfilLm 

IXirlng  periods  of  outage  of  vital  equlpaeat,  a 
allltary  vehicle  of  war  Often  moves  from  the 
asoct  coluem  in  natloual  defense  to  the  llahll* 
Ity  eolun— the  varsUip  becoaas  an  ostentatious 
ferryboat  and  the  aircraft  an  expensive  (nd 
proLahly  expended)  vievlng  platform.  It  was 
mentioMd  above  that  aenrlccnblllty  Includes  tha 
tine  required  to  discover  aub*opt!flua  parfoz^ 
ance;  In  operational  military  ayste:^  thia 
period  la  particularly  dangerous  beca.4sa  the 
onset  of  difficulties  ts  aot  alwaay  obvious.  At 
such  tines  tbe  allltary  comsader  ataumaa 
capabilities  which  be  does  not  have,  sod  tha 
coooequences  are  attested  by  iqrrlad  grcsBdlaga, 
eoLlislons,  and  aircraft  crashes,  w.\Ua»>ut  svan 
cooBlderlag  alsaed  opportimltlea  Ir.  tlms  of  var. 
Anyone  who  has  vrrked  with  radar,  sonar,  or 
cooDunlcatlcna  gear  has  experienced  tbe  iAoer- 
talnty  of  vorvderLcig  vhetber  the  other  feluov 
really  Isn't  there  or  whether  the  gear  Juat 
Isn't  up  to  anuff* 


•  • 


!■  anotlier  problem  vMeb  !•  alTcctM  ^ 
•eiTlceftbilltp,  that  of  peraoniMrl.*  For  xehra 
the  ailltajy  departanita  haw  been  fl^htlag  a 
coatinuoua  battla  to  auppl^  tba  required  quM* 
tit/  and  quality  of  tralAed  peraoanal  on  pita 
vlth  equlpaeot.  Ibla  haa  been  an  e^rpenalw  aiak 
for  aanpover»  tlae,  and  boqc/,  and  the  problea 
la  Increaaio^  not  ooly  becauae  of  qrwlnq  equip* 
aent  cooplexity  but  also  becauae  of  the  laeiraa- 
number  and  variety  of  functluns  vhlch  are 
beLn£  automated  and  meehanixed.  We  ara 
approaching  an  impaaae  vhereln  everything; 
requlree  above  average  peraonnelt  Improved 
aerviccabUity  vould  help  In  tuo  vays*  Flrat, 
shorter  checking  and  eervicLng  tliaei  would 
enable  the  available  competent  teehnlclaiu  to 
AAlntaln  more  pieces  of  equlpwat  (or  require 
fever  personnel  for  the  aaoe  equipment)*  And 
eccQodt  olmpllfled  aalntenance  procedures  waUd 
permit  the  utilisation  of  less-well  qualified 
•on.  Note  that  Utese  advantages  not  oc\ly 
decrease  the  direct  calntorvance  problems  but 
also  reduce  the  dollar^  tlMf  and  aanjaMa^r  costa 
of  training. 

THE  Kiaa)  FOR  ADDITIONAL  EPTORT 

To  the  engineer  who  haa  devoted  hla  profesaloaal 
lifetime  to  mlnimixlng  the  potential  dowa  time 
of  military  harvlvare^  it  la^r  seem  trite  for  oaera 
to  urge  that  greater  effort  Is  required*  Cer* 
taioly  the  point  haa  been  argued  many  tlMca 
before.  Bovever^  a  suspicion  that  certain  facets 
of  the  problem  ha^  received  short  shrift  la 
coaflrwd  by  an  eraalnatloo  of  the  literature* 

be  have  applied  much  of  our  science  and  Ingenu- 
ity  to  the  development  or  equipment  vbicb 
exhibits  a  mailmtai  tljae  between  failures  under 
operatlDg  enrlroomeata*  Hie  need  for  this  has 
been  established  threugb  csj^ful  stuliea  (2) 
and  It  reflected  la  govertmeot  contract  cpec- 
Iflcatlona  (3)*  farloua  approaches  are  used  (b), 
including  Improved  depeodahllity  of  Isdlvldual 
conpooeots,  redundancy  both  lo  the  foT«  ct 
circuitry  and  as  spare  parts,  and  underrating  of 
eqaipocDt.  In  oddltluo,  a  vei7  ccxislderable 
body  of  theory  has  been  built  up  to  dcllneata 
desirable  tests  and  avenues  of  impren^aeat, 

GU&ble  measurement  and  analysis  of  experimeotal 
results,  sod  permit  predlctloo  of  operatlomml 
reliability  (5*6,7)*  Such  a  large  cffosrt 
devoted  to  increased  mtan  time  between  failures 
It  certainly  Justified  and  highly  dealimble, 
and  has  proven  itself  worthwhile* 

It  Is  also  true  that  some  effort  haa  beca  devrW 
ed  to  the  problems  of  maintenance  and  aerriclng* 
Manufacturers  deserve  considerable  credit  for 
their  accogpllshmenta  lo  s^lng  compooent  parts 
accceslble,  oumberlng  of  coteponcpts,  and  color 
ceding  of  wiring.  Tte  Inatructloo  bocks  sod 
opcrator*s  manuals  supplied  with  hardware  offer 
extretaely  detailed  proredures,  effective  11- 
luelrstions,  aud  Illuminating  descriptions.  In 
ma.]/  canes  well  dcsigr^  special  teat  equipment 


Is  prowided.  Bowever,  tbe  ertent  to  which  muck 
aids  VO  serviceability  are  provided  la  loft 
prlmmrUy  to  the  conselcmce  and  Ingenuity  of  tlia 
system  designer*  fhc  results  am  unaatlafsctorT^ 
ms  ooted  la  the  preceding  section*  This  is  mot 
in  any  way  a  criticism  of  cither  the  skill  or  the 
ethics  of  our  systems  deslgi^rs;  Just  tha 
pnalte  la  lfitendcd--s«icb  admirable  effort  la 
deseivlng  of  the  theoretlcnl  aod  cxpertmeotal 
bmcklr^  which  could  make  It  m«y  times  mors 
effccllm* 

lUcy  appeals  have  been  nade  In  the  past  for 
Improved  serviceability  (7»dt9)*  appear  tm 

have  gjnc  lsr);cly  unheeded.  The  reasons  undei^ 
lying  Lhtn  are  rooted  In  two  predomlnstlng 
philosophies  fowid  In  design,  marketing,  and 
procurement.  First,  system  designers  and  eprm- 
irtcntlon  wrltcrc  a^cvAC  Impllcltiy  tbsl  a  le^l 
of  coKpctrnce  approaching  their  ervn  will  be 
avall^lr  oo  site  for  cqulpas^nt  maintenance; 
this  ansumptloQ  Is  alnosi  never  Justified  im 
prsctlce.  SectxvS*  built-in  Isprovemests  to 
c.^rvlceabillty  are  expemclve  Initially,  and  tha 
Uim*dlat«  citluiloo  to  rising  costs  oo  the  one 
hand  and  maintaining  a  eompetitlvn  position  am 
Vjt  other  is  to  cet  sslde  such  senrtccsbllltj 
^frills.*  IMforlunsteJy,  the  result  Is  simply 
tu  pass  the  problem  and  its  ullLmate  cost  to 
the  user* 

At  rtret  glance,  the  solution  appears  to  lie 
with  writers  of  proeuremeot  specifications* 

If  **Wl  Specs"  called  for  given  levels  of  serm* 
leesbllliy,  suppliers  co»ild  bring  the  full 
power  of  their  N  and  h  groups  to  the  problem 
without  fear  of  Jeopardising  competitive  poal*> 
tlon,  k»owii%  tbnt  aU  other  bidders  vers 
facing  tha  seise  requlmeats»  Dot  a  more  ears* 
ful  look  shcir«  that  the  necessary  toola  are  mot 
•vstlahle  to  the  specification  writers*  They 
Mist  know  whart  improvements  ore  feasible  sad 
desirable,  and--evea  more  Liiportaat**tbey  must 
be  able  to  state  tbe  resulting  speclficatloom 
quantitatively* 

FQESXBIX  AVkDruCS  CT  DnCWMVT 

It  vas  noted  Im  the  Introduetiao  that  aerv* 
ieeablllty  Included  Improvements  to  four 
compooenta  of  dcTwn  time:  recognition  of  au^ 
optimml  performeoee,  diagnosis  and  loeallrstLmi 
of  tbe  cause  of  trouble,  rectlf Icstloo  of  *he 
difficulties,  and  re-optlmlsstlor  of  the  system* 
W  will  briefly  each  Im  tuxm* 

Hie  time  required  to  establish  ttv  prescoee  mf  a 
•airimctlon  varies  from  tbe  iiiBtsntaf>eous  (im 
the  event  of  equijarct  "blow  up”)  to  much  longer 
periods— hours,  days,  tvem  weeks  ta  tha  case  of 
the  gray  mrea  of  dljslimitloo  of  perfomsnem 
betwees  regularly  scheduled  testa  and  che^m* 

Tbe  ideal,  of  course,  la  a  built- 1a  ccntlirjaum 
•onltor  which  will  provide  an  Imedlats  mlaet 
wiasa  performmocm  falla  below  prescribed 
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standArd«''>iin  operfttlooal  arMloc  of  tiM  N.Llt* 
light  In  pln^b^l  wachlMi.  ActunXlJi  nuefa 
■ordton  comIiS  indicate  DOt  only  a*tlaf»ctory 
overall  perfonaarce  but  alao  the  profer 
Ing  of  the  varloue  ajr&tea  eoaiponeiita,  XMum 
providing  n  oraaurc  of  aelf  analyaia  of  trouble*. 
Even  when  trouble  Is  known  to  be  preaeatt, 
exceatlve  down  liiae  My  r.~*ult  froa  dd*flcult7  la 
diagnoala.  Here  attain  the  lljae  fequlra4  la  a 
function  of  the  nature  of  the  raoualtj;  obvloua 
fail'^rce  (auch  aa  charred  parta)  are  located 
vlth  a  quick  vlanal  lABpectlon,  vhlle  obacura 
perforaonce  degcneratloo  or  Interalttaot  lrreg« 
ularlty  require  such  longer  perloda.  In  ail- 
itary  cqulinur.t,  trouble  rhooting  la  frequeotlf 
a  polnt>tc-p3lnt  probln^^  proceoe,  haaperad  not 
only  by  high  pocklrvg  deneltj  and  coaplea 
circuitry  but  alBO  by  conctraista  of  the  ptvya* 
leal  space  vlthln  vhlch  equljWMit  Is  located. 
Rspldlty  of  dLe£hosls  is  a  direct  ftakctlon  of 
persorutel  competence.  One  possible  solution  It 
the  coQlinuouS  coaporvent  aonltors  arntloned 
above;  another  is  diagnostic  pror.rosalec  as 
practiced  oo  2Lai\y  general  purpoce  digital 
computers. 

In  the  esce  anklng  repair*,  11  la  grnerallj 
a6Bu:Acd  that,  every  red-blooded  Acscflcaa  boy 
knows  hofW  to  fix  thlrv.6-  This  belief  la  not 
entirely  un J ^rt 1  fled ;  to  a  considerable  extent 
It  is  Just  such  Innate  kn'M*hou  ttusit  Leepa  our 
conteaporiry  equlpoent  aa  weij  an  It 

does.  B'Jt  C'jeh  capability  1c  by  nu  acaas  ualrer- 
sal,  ard  If  the  military  technical  uiapuvcr 
proVfleas  are  to  be  aUevlotcd  then  «ust 

be  deiigned  to  require  oo  »opr  rklll  tbtn  that 
neceecary  to  unplug  aod  replace  o  d  ilca;  tvieeter 
operatlonc  on  alnlaturlted  clre'jlts  x*4  gcwl 
snider  Joints  must  not  be  required  for  opera* 
tlooal  fflalntenance. 

lYto  when  sKllltul  repolr*  hove  followed  correct 
diagnosis,  eq  iltacnt  frequently  la  Mt  returned 
to  fiUl  design  perforriance  because  of  difficul¬ 
ties  Is  "tuoe  up,**  or  re-optlalzisg  tbe  syalca 
for  hormoolcus  operotlon  with  the  new  or 
andlfled  cooponents.  TVere  the  objectives  are  a 
alnlnrjB  n-oxber  of  sub-oysteaa  to  ^  re-optlalzcd^ 
relatively  few,  •inc'’>^ipl looted  steps  lovolvcd  In 
the  rc- /ptif.lzatlonf  a  ainlaua  of  auxlllaiyr  test 
equlpwnt,  uccec&lbillty  of  adjuctaeota,  and 
lack  of  exeeoslve  ceosltlvlty. 

THE  VALUE  JF  A  THEO'^C/X  APFRCWTl 

It  »tty  veil  be  Inferred  frr«  the  preceding  co#- 
aexits  that  serviceability  can  be  bought  only  at 
a  pries.  Oir  approach  thus  far  has  Wea 
Intuitive;  valid  as  the  ar^iinents  any  be,  no-nna 
la  vlillng  to  put  o\rt.  hard  cash  until  tie  knevs 
the  worth  or  the  effect  of  hla  purchase.  As 
stated  above,  specification  vrlters  aust  be  abla 
to  slate  their  requirements  quasi  list  Ively# 


?he  situation  any  be  ezpreaacd  aa  a  sort  of 
^boundary”  problca.  Cta  tbe  one  extreas  la 
equipment  characterlted  by  lov  lAltial  coat  but 
poor  senrlceablllty--a  Jungle  of  coaponeots  and 
Interconnecting  vires  whose  aalntenance  places 
a  pmalua  oo  personnel  coopeteoce.  It  contaiaa 
no  integral  perforenrce-aooltorlng  IndlcatorSf 
oo  inhereot  aids  to  diagnosis  of  troubXe»  ai4 
requires  auch  removal  of  Interference  and  trial- 
and-error  activity  in  repnlr.  Further,  tuning 
Mp  ia  coepllcated  by  a  aultitude  of  aensltlvej 
inter-aetlng  variable  realctora  and  tuned 
circuits  which  require  hours  of  adjuataent  and 
readjustment  In  conj-mctloa  with  such  auxiliary 
gear.  At  the  other  extreie  liej  a  highly 
autoonted  cyotee  c>>aracterited  by  high  initial 
cost  b  .L  r^'rvlcesbilily  features  Halted  only 
by  the  ctnte  of  the  art--u  well  organized  collec¬ 
tion  of  c  lor-codc'i  encapsulated  modules  requir¬ 
ing  only  rcplacerseut  of  as  outomatlcally 
Identified  plug-in  unit  when  trouble  occurs. 
ItUiiplc  circuit  redjulancy  provides  extrea« 
nelloblltty  a/d  p*-nalls  module  rcplocesejt  vltV 
out  lntcrr\.pting  operations  (lO).  All  modules 
ere  factory  pre-tuned  pre-sd Justed,  but  tba 
systes  Is  sclf-opttr.lxlng  of  oel  f-adaptlng  tn 
specific  situations. 

To  specify  n  system  for  any  given  application  It 
is  nccecrary  to  celcct  an  optlaum  position 
between  there  tvo  bo-mdarlcs;  optimum  In  tbe 
sence  of  boloncli^r  7Tqul^eseo^8  ond  deslrablt 
servicing  nlwc  ogulr.t*.  errt.  Hcte  cost 
here  means  not  only  initial  price  but  also  tbe 
orn  and  dollars  requlreo  for  oxnlntenanca  over 
iia*  llfetloc  of  thi.*  equipment.  This  calls  for 
a  lacss  ure  of  serviceability,  onv  sufficiently 
detailed  to  occoint  for  the  various  fwetora 
involved  and  designed  for  use  vlth  actual  aystesa 
or  experiments  (l.e.,  the  parameters  must  be 
physically  neojilngful  and  deleminoble ).  Such  a 
a'.-or.%irc  co\dd  be  uced  by  the  cystems  designer  to 
Identify  tbe  contr^butl^  poreunctera  aod  the 
effect  of  varying  Lhea  to  bis  systeo.  CTjrlously 
It  could  Lc  ‘Jced  also  by  specification  writers 
lo  describing  desired  equlpaeots.  But  It  could 
also  be  used  by  circuit  engineers,  paycbologlsta, 
field  Mlntenaoce  specialists,  and  operation 
evaluation  pers'^nnel  to  determine  vhal  railablea 
to  study  and  the  value  of  various  deelgo 
approaches.  And  perhopa  most  valuable,  tlm 
npi;rotlons  researchers  could  apply  queuing 
-he'^ry  aod  prograrajlng  theory  to  establish 
tlmua  cuapro-nlses  between  the  poroaelera  (ll). 

At  the  very  IcaiJt,  such  a  mescure  would  provide 
a  aeons  for  cooporisoo  of  altematlv*  systeBS. 

To  llluctrnte  the  principles  of  such  a  aeasuxa, 
an  elcncntary  figure  of  arrlt  will  be  presented 
here.  It  Is  not  considered  to  be  the  final 
anever,  ror  Is  the  fipprooch  particularly  orig¬ 
inal.  But  It  ciiould  cerve  to  Identify  aoae  of 
the  Mjor  paraaetera,  dcaonstrata  the  relatloosh^ 


of  sorrlcMbllltgr  to  aore  traditional  aspect#  of 
xvllablllt*,  and  auee^at  one  aeans  of  analjrala. 
In  this  iqjproach  tlw  serres  as  the  basic 
atandATd  of  aeasuroBcnt  and  atatlstlca  prorldea 
the  appropriate  aethoda  of  coadtlnatloo. 

A  reasonable  figure  of  nerlt  for  overall  ayateas 
dependablUtjr  la  the  ratio  of  satlafactaiY  oper¬ 
ating  tlae  to  total  tlae  of  Intended  pperatloa: 


0=M  «  1, 


where 


(e.g. ,  Blnutea)  which  are  arbitrary  but  Identical 
for  all  categories,  and  further  that  tlaw  spent 
In  any  category  la  Independent  of  that  apent  la 
the  othcra,  then  we  may  write 


^  ^  ^(Td.  tj)  p(tcs)  p(td) 


where 


*(T. 


'■‘j’  -{o 


pCtf)  p(tjj)  (3) 

PC’"  '  ^cn‘^ca*^**r^ 
elsewhere.  (J*) 


We  can  new  define  mean  tine  to  recoveiy"^ 


(5) 


X  «  flguiv  of  merit, 

T  »  tine  during  which  opt  ration  Is 
*  satlsl’actory 

•aa 

*t  «  total  tine  In  ccoslsslon,  and 

»  down  tine, 
d 

A  more  detailed  cxaslnatlon  of  down  tiro  shews 
It  to  be  a  function  of  four  paranoters: 

-d  •  V  V'  *1.^' 

where 

tg  «  checking  tine,  or  tin*-  tc  discover 
the  presence  of  trouble, 

t^  »  time  to  diagnose  and  localise  the 
trouble, 

tj.  «  tine  to  repair  the  trouble,  and 

tj,  ”  tine  to  tune-up  or  "rehamonlse" 
the  systoi. 

These  munt  all  be  present  whenever  a  malfunction 
occurs  arid  Is  renewed,  although  one  or  core  of 
them  nay  be  essentially  zero  (e.g. ,  when 
occurrence  of  the  trouble  la  Instantaneously 
evident).  On  the  other  hand,  checking  or  testing 
may  be  performed  when  no  trouble  Is  knewn  to  be 
present,  and  thus  It  must  be  treated  separately 
from  the  other  three.  Hence  we  break  dewn  check¬ 
ing  time  further  Into  time  spent  In  normal  or 
regular  perfoiaance  check#  (ten )  and  time  spent 
In  special  checks  wben  trouble  Is  suspected  but 
may  or  may  not  be  present  (tc0  ). 

The  time  actually  expended  In  the  various 
categories  will  vary  between  Individual  Instance^ 
and  thus  mist  be  treated  statistically.  Ve 
define  p(tj)  oa  the  probability  that  the  time 
apent  In  the  1-th  category  equala  t^(e.g.,  p(tj,) 
la  the  probability  that  the  tine  required  to 
repair  a  trouble  la  t^  nlnutea).  If  ve 

asaiae  that  tlae  la  quantized  into  units 


Returning  to  the  figure  of  merit  of  Kq.  (l).  we 
Jiow  hrive  n  means  of  determining  the  ccntrl  butlext 
of  each  cf  th.e  categories  of  down  time  to  the 
ovt.-rull  condition  of  system  reliability.  But  we 
can  go  c-ie  step  further.  ConvtntloTial  reliabil¬ 
ity  theory  gives  us  a  quantity  called  "mean  tlae 
betwct.'n  failures."  We  might  use  this  as  Tl,  the 
ntnn  time  during  which  operation  Is  satlsfactoiyr. 
Although  the  derivation  will  no  longer  be  physic¬ 
ally  rlgi.rctu-,,  we  may  still  retain  a  figure  of 
merit  c:;  Is  useful,  Intuitively  satlsfaetozy, 
and  truch  simpler  to  obtain  than  one  which  la 
r.tutlstlcclly  unquestionable.  In  theoe  leraa  we 
have 


(6) 


vlileh  can  be  obtained  entirely  by  experimental 
measurements  or  theoretical  calculation#.  Again 
It  is  emphasized  that  the  approach  given  bore  la 
Intentionally  oversimplified.  For  example,  the 
assumption  of  Independence  of  time  spent  In  the 
various  categories  of  down  time  is  questionable. 
However,  two  Important  points  are  demonstrated: 
standard  statistical  techniques  are  adequate  to 
handle  the  categorizations  and  Inter-relatlon- 
shlps  required,  and  theoretical  approaches  are 
feasible  which  are  also  ccoipatlble  with  existing 
work  on  reliability  theory. 


Of  course,  a  realistic  solution  to  the  acrvlce- 
ablllty  "boundary"  problem  must  be  more  aq;>hlstl- 
cated.  Parameters  of  the  dlatrrlbutlons  describing 
the  variables  would  have  to  be  evaluated  experi¬ 
mentally,  and  a  theory  should  be  constructed  both 
to  provide  an  understanding  of  the  behavior  of  tha 
variables  and  to  permit  predlctlco  of  their  valuM 
In  proposed  systems.  In  any  given  system  desiga 
problem,  various  values  of  the  figure  of  merit 
might  be  related  to  dollars  (both  Initial  and 
maintenance  costs)  and  a  curve  drawn  to  establlA 
the  optlmiaa  trade-off.  However,  in  real  life 
there  exist  ether  less  tangible  considerations 
which  cannot  be  Ignored,  such  eia  currently  avail¬ 
able  funds,  equipment  priorities,  and  personnel 
Implications. 
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oownuunw 

XxjKrlcnce  dtaooatntes  rtpufdly  tkat  vuck 
riaala*  to  ba  dona  Is  l>gpa?ovtos  ^  Mrrlo*- 
ablUty  of  ccMplex  «llitAr7  *T*taaa  aal 
Ck  Mtbod  pKMated  h«re  •«-«««  ■■  aa  eL<B»nt«iy 
au^la  of  tba  tlKoretlcal  approaek  to  laolatl<B 
and  analjrala  of  tha  factora  Imrolaad  la  aarrlc*- 
ablUtp.  Bopafulljr,  It  vUl  iKiliit  tha  vaj  towafd 
aaana  of  achterlog  aore  raaacaiabla  tr^U-offa 
batueen  initial  equlpaeot  coat  aot  aubac<iu«nt 
d<a#&  tlaCf  and  of  eatabllahlns  aa  cconcalcall^ 
acuad  baala  for  partlallj  aubatltutlag  cquipacat 
capabllitlca  for  highly  aklXLed  aatatcnaDca 
pcraomcl  oD  alta. 

It  wmj  bara  apjiaared  that  thla  la  a  uacr'a  pita 
for  larprovad  aarrlecablllty,  and  ao  K  la. 
Xeverthcltaa^  ve  aubalt  that  there  la  a<Kethibc 
Id  aerrlec ability  for  thoac  of  yoa  ib  the  other 
aide  of  tha  fence,  lor  procunsent  pereoiioel 
there  la  the  poaalblllty  of  gettlas  aore  per 
dollar  and  the  aattafactloo  of  prcnrldln^  acre 
depealablc  ei^ulpaeot  for  alUtary  operatlooa. 

Aai  for  the  producer  there  la  not  only  the 
Ineentlre  for  Increeacd  aalea  but  alio  tha  pride 
of  bearlne  hie  cuatcaKra  aay,  **aila  la  a 
fine  piece  of  gearl* 
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RZLIABILITY  AHXTCMY  tor  SYSTgW  DK9ICT  gHOIlgEIX* 

B.  8.  Nlnlund.  Manager,  Syatnaa  MUnlatratlon 
Btroobarg-Carlaon  San  Dlago 


Mbatracti  In  ordar  to  daaign  ayataui  aat- 
lifactory  to  nllltary  nnd  Induatrlal  cua- 
tooera,  with  cconony  of  daalgn  effort  and 
production  coat,  it  ia  deilrahla  to  (a)  da- 
teraina  achiavabla  ayatem  rallability,  aa 
v*li  aa  parfomanca  and  prlca,  and  (b)  in- 
tegrata  ayataa  parforcoanca  and  rallability 
indicaa  with  long-term  uarra  coat,  to 
achiava  optimal  aysten  dcalgn.  Thia  paper 
devaiopa  a  a tralght forward  tachnlgua  for 
(a)  aa  groundwork  for  a  aubaequent  paper 
or,  (b)  which  develops  a  ayitam  economy 
modal  from  the  uaera  viewpoint.  It  la  done 
in  deaign-angtnaara  larvguage,  rather  than 
in  traditional  atatlsttcal  tenainology. 

The  ayatem  umer,  the  cuatoncr,  la  concerned 
only  with  (a)  tne  performance  capability 
for  a  needed  function,  (b)  the  reliability 
or  availability  of  that  pcrfonaanca  when 
imeded,  and  (c)  t'na  economy  of  the  ayatem 
with  reapect  to  Juatlfiable  coat.  To  the 
producer,  therefore,  there  are  the  threa 
aroduct  aeaurance  contideratlona . 

Ifhen  hourly  uaer  coets  ate  aeaigned  to 
maintenance  and  unreliability  delay  time# 
in  a  ample  mathematical  model  of  the  aye- 
tern,  there  ia  an  englnearlng  laanageitant 
dividend.  The  incrinental  uaer  cotta  re- 
aultlng  from  mathematical  Insertion  of  re¬ 
dundancy  Into  the  ayatem  coiiponcnta  (at  all 
ayatem  levels)  throws  a  bright  spotlight  on 
relative  economy  of  design  effort  In  the 
various  areas, 

DgriNTTlOSS  of  terms,  at  used  In  this  and 
subsequent  papers,  followi 

Weliabllltyi  Generic  and  qualitative  usage 
only;  not  survival. 

nurvivali  Probability  of  no  failure  durl.tq 
tho  given  task  time,  Pallurei  Independent 
occurence  causing  unacceptable  output. 
pnllure  Watei  Mean  number  of  failures  per 
atresoed  hour,  or  por  million  hours  for 
pacts.  Reciprocal  of  Stress  Life. 

htresei  Electrical,  eiechanlcal,  thermal,  or 
other  forces  contributing  to  failure. 

Streoa  I,lfei  Mean  atreaaed  time  between 
failures,  in  hourai  *KTBr* 


System!  Completa  operational  assembly,  lo- 
cluding  "Situation*.  Hardware  Svatemi  Ptill 
complement  of  hardware  cooponents. 

Situation  System!  All  other  system  compo¬ 
nents,  including  personnel,  enviroissent, 
and  Inputs. 

Cooponenti  Cenarle  for  any  constituent  of 
the  system  at  any  level,  "ackagei  Assem¬ 
bly  of  parts.  Parti  Sasic  cos^ponant  sueb 
as  transistor  or  bearing. 

PEMABlLirf  IHDICtS!  In  ordar  to  aatabllsh 
a  common  tuss  basis  for  reliability  defini¬ 
tions  and  calculations,  figure  1  shows  a 
time  allocation  mada  up  of  the  following 
elements! 

off  tlma  Is  that  when  the  component  Is  shut 
down  because  there  is  no  need  for  it. 

Standby  time  la  that  during  which  the  com¬ 
ponent  la  not  In  uae,  but  nevertheleaa  It 
has  not  been  shut  dosm  because  further  use 
ia  anticipated. 

preventi jn  time  is  that  pact  of  regularly- 
scheduled  maintenance  during  which  the  com¬ 
ponent  is  otherwise  operable  and  could  soom 
be  returned  to  operation  upon  demand. 

Down  time  is  that  during  which  the  cosqxa- 
nent  Is  not  operable  because  of  a  failure, 
it  Includes  all  unscheduled  maintenance 
tine  plus  that  part  of  scheduled  mainten¬ 
ance  time  during  which  the  cotrpenent  IS  not 
operable  due  to  a  failure. 

Rerun  time  Is  that  during  which  the  compo¬ 
nent  la  operating  properly  but  Is  occupied 
ceruiutlng  a  tasX  because  of  a  failure.  It 
It  occurs  It  normally  follows  a  period  of 
down  time,  but  not  necessarily.  Por  example 
a  human  component  may  make  a  Alstaka.  caus¬ 
ing  no  down  time,  yat  rerun  time  is  re¬ 
quired.  Rerun  time  can  be  a  sizeable  Item 
in  data  processing  aystbmi,  but  In  many 
systems  It  does  not  occuci  If  not,  it  Is 
set  equal  to  zero  In  any  eguatlons  and  they 
zemain  valid. 

Delay  time  is  the  sun  of  down  and  rerun 
turn.  That  is,  It  ia  the  total  lost  tiam 
due  to  failure 


"This  ia  a  3,1  abridgemwnt  of  a  December  19S9  report  of  the  aame  title  and  author,  then  as 
Consultant,  Computsr  Department,  General  Electric  Co.  Copies  svallsbla  from  the  author. 
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Figure  1 


Teat  tl«e  i»»y  be  considered  as  that  conduc¬ 
ted  by  the  operating  crew  for  testing  pro¬ 
grams,  etc.  Bun  tine  IB  that  used  produc¬ 
tively  for  successive  tasks.  Test  and  Run 
tlioe  are  seldom  used  in  the  reliability 
calculations,  however. 

Task  tljse  is  that  required  to  accomplish  a 
specific  task,  assuming  no  trouble.  It  is 
used  primarily  in  the  calculution  of  sur¬ 
vival,  or  probability  that  the  task  will 
be  cosgpleted  without  failure. 

Stress  time  is  the  total  time  the  compo¬ 
nent  Is  undergoing  the  kind  of  stress  that 
contributes  to  ultimate  failure.  In  most 
electronic  egulpnent  this  is  merely  the 
lime  that  power  is  applied,  tor  nweliarit- 
cal  devices  It  is  usually  the  time  they 
ace  In  motion.  For  structures  It  may  b« 
the  time  they  are  undcigomy  vlbratl~r>. 

In  the  eguations  to  follow  it  is  assumed 
that  a  coaponent  is  undergoing  stress  most 
of  the  time  it  Is  in  maintenance,  because 
it  Is  either  powered  or  Is  subject  to  un¬ 
usual  stresses  such  as  ‘flying  screwdri¬ 
vers*.  Most  electronic  equipment  is  as¬ 
sumed  to  be  under  stress  during  Its  stand¬ 
by  periods,  and  some  types  of  equipment 
can  bs  under  stress  during  part  of  their 
off  periods. 


THE  IWDICBS 


Stress  1.1  fe  T^ 


Stress  tl.ns  t 

_ s _ 

number  of  failures  t 


This  la  the  mean  stressed  time 
between  failures,  or  ‘HTpr" .  its  true  val¬ 
ue  Is  estimated  from  the  long-term  accumu¬ 
lated  stress  tine  on  one  or  more  identlcsl 
cooponents.  divided  by  the  accumulated  num¬ 
ber  of  failures  that  occured  therein  during 
the  stress  time. 


Pre vent lon/S tress  O 


prevention  tlase  t 


Stress  time  t. 


This  IS  the  fraction  of 
stress  time  spent  on  preventive  mainten¬ 
ance,  obtained  from  long-term  malntsnancs 
records. 


ncrwn/f.  tress  b. 


Ooua  tljss  t^ 
Stress  time  t 


This  Is  the  fraction  of  stress 
time  that  the  component  Is  Inoperable  due 
to  failure,  obtained  frois  opeiatihq  and/or 
maintenance  records. 

Rerun  time  t 

Berun/Strens  u  m 
- ' - r  oliees  tine 

This  is  the  traction  of 
stress  time  that  the  component  is  operable 
but  occupied  In  rerun  due  to  istlure.  ob¬ 
tained  from  the  operators  log. 

The  above  three  Indices  arc  actually  tbs 
fractional  unava. 1 abt 1  it v  times  (hence  the 
U  symbol)but  names  like  ‘prevention  una¬ 
vailability*  arc  so  awVwsrd  that  the  above 
arc  considered  simpler  and  mors  informa¬ 
tive. 


Failure  Rate  A  "  f/Tj-  *bs  saefulneaa  of 

this  Index  Is  greatest  at  the  part  and 
package  level.  Expressing  It  In  failures 
per  million  hours  provides  numbers  easier 
to  handle  and  lees  sub,)ect  to  error  than 
percent  per  thousand  bours. 


Ma Inter, ance/S tress 
Maintenance/rallure  T  s-  V- 


Pelav/Strcss  v 

Delay/Fallure  T  w  T.  O 
- ir -  y  f  y 


I  Ob 


The  px-laaxy  ccllablllty  cone Ideiat Ion  for 
aMoy.  It  MK  Boat,  syateas  ie  'availabil¬ 
ity'  rather  than  streas  life  or  eurvlval 
for  a  partlcBlar  task  tine.  On  the  other 
hand  eurvleal  ie  the  prleary  consideration 
for  aoeie  systBse,  such  as  nlssilea,  beyond 
the  tine  Baintcnance  stops.  For  many 

systene  both  euat  be  taken  Into  account, 
ife  define  * asal labl I Ity*  as  the  proportion 
of  total  atrcsa  tine  nomally  available 
for  productlw  nee  of  the  coaponant. 

Continuous  Iteallabllitv 

A  1.1-0  -U.  -  0 

c  p  d  r 

Vtis  la  the  lon^-term  fraction 
of  stress  tlaa  that  the  component  la  avail¬ 
able  for  prodactlve  operation,  t^0(l^q  Into 

account  all  rr tr" - r  time  and  any  rerun 

time  typically  required  for  the  specific 
appllcatloa.  If  there  la  no  rerun,  -  0. 

Contjiraoua  Asallablllty  also  may  be  roqar- 
ded  as  the  prahablllty  that  the  component 
will  start  peeper  operation,  for  random 
trials  at  anr  point  in  calendar  time.  Thus 
It  may  ba  hjadlcd  with  probability  math. 


Ceinand  Avallahllttv 


•  1  -  u .  -  u 
d  r 


this  is  the  fraction  of  stress 
tloc  that  the  cceporent  can  be  made  avalts- 
ble  ufm  dasaad,  pulllnq  it  out  of  preven¬ 
tive  malntsKi— -a  It  necessary.  It  IS 
stress  tlM  less  delay  time.  It  Is  a 
ahort-tem  cans  Ide  rat  ion,  bccauae  preven¬ 
tive  BulntcMDce  usually  cannot  be  poat- 
p.nied  very  Icaif  -Ithojt  consequences. 

Survival  A^  •  s  '^f  "Si  - 

This  Is  the  probability  of  com¬ 
pletion  wlthcait  failure  of  a  task  requir¬ 
ing  tlae  t.  It  Is  often  called  the  're¬ 
liability*  shea  maintenance  and  delay  are 
not  cci;ialdecnh.  It  can  be  considered  the 
availability  of  completed  tasks,  assuming 
successful  starts. 

nm  pkooiiCT  Butg 

'Syirtea  or  Availability  of  compo¬ 

nents  la  'series'  is  the  PRODUCT  of  all 
caqponeot  anallabllltlcs’ 

One  oftca  laers  that  the  above  product 
rule  Is  'pessimistic*  or  'overconservatlvsT 
This  Is  abosS  Ilka  saying  algebra  or  loga- 
rithoo  give  e  slightly  wrong  answer.  If 
the  condltliae  on  which  the  product  rule 
Is  baaed  arc  fulfilled,  and  we  bellevs  In 
the  logic  of  amtheatatlcs,  the  product  rule 
has  to  be  cli^pt.  Hore  are  sobm  of  tho 


conaonly- Ignored  condltlona  loading  to 

this  sad  reputstlOB.  TO  AVOID  PESSIMISTIC 

RESUblOt 

1.  stress  Ilfs  must  bo  rslated  to  STRESS 
TIME,  never  to  cAlender  time. 

3.  Mechanical  Aas«ri>ly  Ufa  must  be  rela¬ 
ted  to  MECHABICAL  STRESS  TIME  or  actua¬ 
tion,  not  to  electrical  stress  tliM. 

3.  Only  INDEPEHOEMT  failures  may  ba  used 
to  calculate  Stress  Llfa,  never  depen¬ 
dent  failures  nor  replacenants. 

4.  EXCUJDS  or  de-welght  coatponents  whose 
failure  will  MOT  cause  unacceptable 
system  perforsMteo. 

5.  SYSTEM  down  time  resulting  from  compo¬ 
nent  failure.  MOT  component  down  tlms, 
must  be  used  If  the  replaced  component 
la  repaired  later, 

h.  Delay  must  be  calculated  by  PRODUCT 
RULE  if  accuracy  is  desired.  Addition 
yields  a  too-hlgh  result. 


The  probability  that  a  component  will  be 
available,  and  the  probability  that  It 
will  not,  aiust  add  to  unity.  Similarly 
the  sum  of  Survival  and  probability  of 
failure  Is  unity.  Let  a,  be  the  Availa¬ 
bility  and  u  the  Unavailability  of  com¬ 
ponent  «1,  with  a  and  u  for  component  #3. 
Then  the  blnomlaPexpansion  glvesi 


a,  e  u^  -  1  -  ♦  oj  -  .3  4  uj 

(a^  +  ♦  “2*  *  ^ 

m  aa  4-au  eau  4uu 
12  *  12  2  1  ^  12 

a^a^  la  the  simultaneous  Availability 

a^u^  Is  Availability  of  *1  when  W3  Is  not. 

a^u^  Is  Availability  of  *2  whsn  N1  la  not. 

Uj^u^  Is  the  simultaneous  Unavailability. 

For  the  Availability  of  at  least  ons  or 
both,  we  need  only  drop  the  last  expansion 
term.  The  procedure  may  be  used  for  any 
number  of  components.  For  the  special 
rase  of  two  'equal*  components  (equal 
Availability  or  Survival)  we  note  that  the 
clmultancous  Availability  Is  s^  and  'ona 
or  the  uthsr*  Is  2a(l-a).  Thus^total 
Availability  is  2s-a^i 


•  • 


•  • 


•  • 


•  • 


:•  • 


•  • 


•  • 


I 

1 


lOOOO 


at  tw  mxqutl  componantat 
“9  -  W  *  •jU  -  aj)  +  a^d  -  a^J 

-S**a'V2 

Availability  at  tuo  agual  co>i9>oncntat 

a^  •  4  2a<l  -  a)  -  2a  -  a^  total. 

Availability  at  tfcrea  aoual  cooiponantat 

a  .  a’  a  la*{l  -  a)  -»  3a(i  -  a)^ 

*  2  3 

••  3a  -  3a  4  a  total. 

EpARg  KKia— taam  ia  tha  uaa  of  an  un» 
atreased  co^paaaat  or  tvo  to  back  up  tha 
atraaaed  cta^vaiit  performing  a  task.  It 
can  be  aa«d  at  any  level  of  the  aysten. 

Upon  failure  at  the  atresaed  component, 
the  aparc  ia  aaauacd  to  Inmedlately  taka 
ita  place  uadar  atraaa.  Thia  in  turn  im¬ 
plies  leaedtata  failure  detection,  automa¬ 
tic  or  gulct  aaauil  awitchlng,  high  relia¬ 
bility  of  the  detection  and  switching  aya- 
tem,  and  repair  of  the  failure  before  the 
next  task  atarta  (if  the  redundant  Street 
Life  gala  ia  Mooted  Insedlately) . 

For  anaiyala  we  can  say  that  the  spare  com¬ 
ponent  (#2)  effective  failure  rate  i* 

0  until  awitebed  in  and  stressed.  Its  pro¬ 
bability  of  being  twitched  in  is  the  pro¬ 
bability  of  failure  of  the  initlally- 
atreased  eraginosat  •!.  So  we  can  write: 

A,  -  Aj<l  «  a" 

Croyp  (atreaaed  tl.  apare  *2)  Availability 

las  a~^f*  .  a  -  *1  *2  "  ‘l*! 

-it  -it 

vhera  ai^  -  e  and  a^  -  a  '’a 

Thea  we  haws  Stress  Life  gain  as 
•'f/'f  - 

which  aay  be  evaluated  from  the  above. 

STRESS  un  OklWi  It  la  uaually  eaalsr 
for  the  eoyioecrtng  designer  to  picture 
Stress  Life  rather  than  Survival.  Streas 
Life  gala,  ar  tha  ratio  of  redundant  to 
compooent  ttraaa  Life,  Is  plotted  in  fig¬ 
ure  2.  Alaa  the  advantage  of  using  ‘spare 
redundancy*,  rather  than  ‘stressed  redun¬ 
dancy*.  la  itewo. 


TASK  TIHB  /  COMTOilENT  STRESS  LIFE  -  t/T^ 

the  top  curve  applies.  Obviously  stressed 
redundancy  can  provide  remarkable  Stcesa 
Life  gains,  and  spars  redundancy  can  add 
orders  of  siagnltude  to  these  gains. 

But  these  are  not  unnixed  blessings.  Nota 
that  the  Stress  Life  gain,  and  thcrsfoie 
reliability,  is  very  sensitive  to  task  ties. 
The  more  redundancy  the  more  aensitive.  Id 
fact  as  task  tine  approaches  the  component 
Stress  Life,  the  redundant  advantage  is 
about  lost. 

In  most  systems  the  task  time  is  exteewely 
small  In  relalion  to  cart  life,  and  there¬ 
fore  redundancy  applied  at  th«  pact  and 
package  level  may  be  expected  to  approach 
these  gains.  At  the  major  component  level 
in  cooplcx  systems,  on  the  other  hand,  task 
time  frequently  runs  10  percent  or  more  of 
major  component  Stress  Life.  In  such  Situ¬ 
ations  the  Stress  Life  gain  In  adding  a  re¬ 
dundant  major  component  may  not  be  enough 
to  Justify  Its  coet. 

REPUWDAKT  RELIABILITY  MODELS:  Since  epare 
redundancy  may  he  attractive  for  thn  achieve¬ 
ment  of  adequate  reliability,  ve  will  look 
at  it  Bore  closely  with  respect  to  eingle- 
and  double-stressed  redundancy.  Following 
are  three  sirple  reliability  models,  or  seta 
of  equations,  for  the  significant  relatloc 
shlpw.  Here  we  introduce  a  numerical  ex¬ 
ample  In  order  to  visualize  ths  effect. 


For  a  single  exmponent  the  Stress  Ltfs 
gain  of  conrae  remains  at  unity  rcgatdlesa 
of  task  time,  as  ahown  by  tha  line  along 
tha  abscimoa-  For  two  equal  sircased  com¬ 
ponents  the  fewer  curve  applies.  For 
three  equal  stressed  components,  or  for  one 
stressed  amt  ant  equal  apare  component  thn 
central  almemt  Identical  curves  apply,  roc 
ons  streanni  and  two  equal  spare  components 


Ajaua* 

u  -  .0998 
P 

-  .0184 
a 

u  -  .0155 
r 

-  32.5 


One  Stressed  Cc 


Continuous  AvallsMlity  a  —  1-u  —  u.-u 

c  p  d  r 


Delay  /  Stress 
Maintenance  /  Stress 

Availability  a 


-  "p+"d 


-  .8663 

-  .03.39 

-  .1182 


Stress  tine  m  .65  .70  .75 

Continuous  Availability  is  unity  minus 
Prevent lon/Stress,  Down/Stress.  and  Rerun/ 
Stress  tiiae  ratios.  The  86.6%  is  obtained 
fron  the  three  unavailabilities  listed  at 
the  left,  which  are  actual  major  cosponent 
group  figures  talcen  from  certain  installa¬ 
tions.  Delay/Strcss  and  Halntenance/Stress 
are  similarly  calculated.  The  Availabili¬ 
ty  breakdown  is  shown  on  the  bar  graph 
from  65  to  100%. 

How  proceed  to  text  to  the  rlght- 


Stressed  Availability  a 


One  Stressed  ^u>d  One  ggual  Spare  Componenti 
lets  consider  precisely  how  the  spare  might 
be  used,  referring  to  the  Availability  bar- 
graph  below.  First  we  would  assusie  that 
any  preventive  maintenance  vrould  have  been 
completed  while  the  spare  was  not  needed. 
When  a  failure  occurs  In  the  stressed  com¬ 
ponent.  the  spare  is  plugged  in  to  talcs 
over.  However  the  rerun  time  associated 
with  the  failure  would  still  have  to  be 
spent.  Preventive  maintenance  on  the  nor- 
Bially-stressed  component  could  then  be  done 
while  the  B;>are  is  activei 


Up  jspare  Availability  a^ 


Therefore  we  see  that  the  spare  Is  fwirmal- 
ly  called  upon  only  during  the  prevention 
Md  down  time  of  the  normally-stressed  cosi- 
ponent.  However  the  Bp^u'e  has  its  own  pro¬ 
portion  of  down  emd  rerun  time  which  will 
occur  during  the  maintenance  tine  of  the 
nonoally-streBsed  cce5>onent. 

Thus  we  can  define  a  quantity  called  Spare 
K-»ed  which  le  the  proportion  of  the  nor- 
mally-otresoed  conponcnt  strcse  time  that 
the  spare,  excluding  spare  prevention,  is 
called  upon  to  operate.  Continucws  Avail¬ 
ability,  Delay/Stress,  and  Malntenancre/ 
Stress  can  then  be  calculated  in  terms  of 
this  Spare  Heed  ^ul  indicated.  It  is  well 
to  Veep  in  mind  that  this  is  a  mean  speure 
need,  and  may  be  less  than  the  desirable 
spare  capacity. 

Continued  in  right-hand  text. 


Spare  Need  R  «  (u  +  u  )/(l  -  u  )  m  .1313 
n  p  d  p 

Continuous  Availability 

a  -B(l+R)  -  .9800 

eg  c  n 

Delay/S tress 

u  -il-a(ItR)  -  .0200 

yg  c  n 

Halntenance/Stress 

u  -  (u  +  u  ) (1  +  R  )  -  .1337 

mg  p  d  n 

Hote  that  In  the  exaraple  Continuous  Avail¬ 
ability  has  been  raised  from  87  to  98%, 

Delay  reduced  from  3  to  2%,  and  Maintenancre 
increased  from  12  to  13%. 

TWO  Stressed  Equal  Componentst  We  may  use 
the  binomial  expansion  terms  to  obtain  th-'i 
equations  and  example  figures  shown  below. 
The  Availability  bar-graph  shows  that  both 
ccc7x>nentB  will  probably  be  operating  up  to 
75%  of  the  time,  and  only  one  will  probably 
be  available  from  75  to  98%  of  the  time. 
Preventive  malntanence  would  be  done  on  el- 
tl«r  corcponent  while  the  other  ie  03peratlng. 


Both  available 


Only  one  available 


rr.ti.-uous  Availability  of  both  eomponents< 

a  -  a^  -  :75t5 

cg2  c  2 

Of  cr,6  or  both  a  2a  -  a  —  .9821 


Delay/Strcss 
Haint  ./Stress 


u  -  1  -  a  «  .0179 

yg  eg 

"w,  -  2(u  +  u  )  -  .2364 

mg  p  d 
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In  this  case  Continuous  Availability  is 
only  0.211  better  than  with  a  spare.  Delay 
is  about  10%  lower  (better)  than  with  a 
spare,  but  maintenanct.  is  almost  twice 
that  with  a  spare. 

Kowever  in  some  circumstances  there  can  be 
a  very  important  advantage  to  the  use  of 
two  stressed  equal  components.  If  the  sys¬ 
tem  can  be  designed  to  utilise  the  outputs 
of  either  or  both  components,  perhaps  on 
different  input  channels,  and  perhaps  pro¬ 
viding  different  acceptable  modes  or  levels 
of  system  output,  the  result  can  be  better 
than  with  a  spare.  The  Availability  la 
higher,  the  Delay  and  Maintenance  per  unit 
of  output  are  lower,  and  the  component  In¬ 
vestment  la  lower  per  unit  of  output. 


MAJOR  COHPOCTMT  INDICM 

AS  an  example  of  the  Xind  of  informatlom 
that  can  be  made  available  to  the  system 
designer,  there  follows  a  conaolldatefi 
analysis  of  reliability  date  taken  from 
the  operators  log  on  a  pair  of  data-pro- 
ceasing  eystena  covering  a  ten-month  woilr- 
Ing  parlod.  It  nust  be  emphasised  that 
this  information  comes  from  Just  two  spe¬ 
cific  system  installations  and  therefore 
cannot  be  considered  as  a  mean  for  the 
100-odd  Installations  of  Identical  sye- 
tema.  Such  reliability  information  Is  de¬ 
pendent  upon  the  way  the  user  operates  hts 
system  as  well  as  upon  its  inherent  relia¬ 
bility.  Continued  at  the  left  below. 


Only  the  Independent  failures  causing 
system  failure  ace  recorded.  The  number  f 
of  them  constitutes  a  direct  indication  of 
the  confidence  we  may  have  in  Stress  Life 
estimates  and  in  other  indices  derived 
from  Stress  Life. 

Down  percent  of  stress  time  is  the  percent 
of  component  stress  time  that  the  system 
was  down  duB  to  failure  of  that  component. 
Rerun  percent  of  stress  time  is  the  percent 
of  component  stress  time  that  the  system 
was  occupied  in  rerun  due  to  failure  in 
that  rnmponent.  Continuous  Availability 
is  100%  less  Prevention,  Down,  and  Rerun. 

Situation  Indices  ace  treated  Identically 
with  hardware  components  to  show  feasibil¬ 
ity  of  the  technique.  However  we  ace  far 
less  confident  of  the  figures,  because  the 
data  was  not  taken  with  this  application 
in  mind. 


With  clear  reliability  index  objectives  la 
mind,  it  is  not  difficult  to  set  up  a  rel¬ 
atively  foolproof  and  simple  logging  sys¬ 
tem,  so  that  we  may  have  adequate  confi¬ 
dence  in  the  data  collected.  Such  a  sys¬ 
tem  will  be  suggested  in  a  future  paper. 

SYSTEM  RgLlABILITY  MCOgL 

Aa  system  failure.^  occur,  one  must  obtain 
precise  cemponent  failure  and  maintenance 
information  so  the  designer  can  correct 
deficiencies  and  improve  the  next  syatea 
design.  But  he  can  only  do  SO  If  he  has  a 
workable  means  of  converting  component  re¬ 
liability  information  into  oyatem  relie- 
blllty  prediction.  Reliability  models 
have  come  into  use  to  solve  this  problem 
for  complex  systems. 
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This  •«ctlon  presents  a  9enerallzed  rella~ 
bllity  isodei  which  may  bs  used  manually  or 
computer 'prograimed.  The  actual  data  ra- 
BuXtin9  from  ten  montha  operatloa  (wall- 
seasoned  by  several  prior  years  of  opera* 
tion)  of  two  dsta-proceaainq  aystems  la 
used  in  a  step-by-step  exarnpla. 

RELIABILITY  MOPBL  PROGRAHi  Host  systaas 
contain  ijuantities  of  Identical  components 
as  well  as  thosa  of  which  only  one  Is  used. 
The  <juantity  Unavailabilities  are  somewhat 
less  than  individual  component  Unavailabil- 
lty-tlaes-<)uantlty.  because  of  the  overlsp 
effect. 


Many  aystenui  also  contain  components 
stressed  only  a  fraction  of  the  time  that 
the  system  as  a  whole  is  stressed.  Thus 
the  inherent  Unavai lability  of  such  compo¬ 
nents  must  be  multiplied  by  this  fraction 
to  obtain  the  contribution  to  ayatem  Una¬ 
vailability.  Let 

u  •  Component  Prevention/Streas  time 
P 

u.  '  Down/Stress  time 

a 

u^  ■  ”  P.erun/Stress  time 

<1  a  Quantity  of  identical  components 
R^  a  component/system  stress  time  ratio 
t  a  Task  time  for  complete  system 

a  Component  Stress  Life,  if  appltcabls 


1.  Group  Unavallabtlitlee  are  computed 
first,  using  formulas  which  properly  ac¬ 
count  for  component  quantity  and  Stress  Ra¬ 
tio.  Pre v-entlon/stresa.  Down/Stress.  and 
Rerun/Stress  times,  so  far  as  system  Un¬ 
availability  is  concerned,  are  computed 
using  the  formulas  shown.  These  formulas 
sinply  convert  component  Unavailabilities 
to  Availabilities,  use  the  product  rule  to 
cosblne  them  according  to  quantity,  and 
then  convert  back  to  group  Unavailability 


a .  -  1  -  u .  -  u 

d  dr 


Prevention/Stress 


u  -  u  -  -  u 

p  d  r 


I>own/S  tress 


P9 


%‘"d' 


Rerun/Stresa 


“dg 


d  s' 


^  -  *d’ 


However  are  also  interested  in  the  actual 
maintenance  time  required,  which  the  overlap 
effect  does  not  reduce,  so  Prevention  and 
Down  Maintenance  Unavailabilities  are  conyai- 
ted  scparatelyi 


preemmnem  maintenance  m  »  u  q  R 

p  P  a 

Sewm  mmimtr  nance  *d  ^  ^d  ^  *a 

a.  Cto—  AwalLabilitlcs  are  cOhiputed  than, 
simply  by  mubtracting  unavailabilities  from 
unity.  Croup  Survival  contributions  asm 
riefstT*  am  the  basis  of  thalr  measured 
stress  Life  during  the  proportion  of  time 
they  an  stressed,  and  infinite  stress  I*lfs 
whsn  they  arc  not.  This  results  in  an  up¬ 
ward  adjmstmrnt  of  tha  probability  of  no 
fallara. 

Pemsrf  Jbsallabillty 

a.  1  -  u .  -  u 

dg  dg  tg 

Contlamnas  Availability 

a  «l-u  -u.  -  s 

eg  pg  dg  rg 

Surwluml  a  «  1  -  R  (1  -  s'^'^f) 

tg  s 

3,  System  Availability  is  then  computed 
using  tbs  product  rule  to  combine  all  group 
Availabilities.  Demand  Availability  Is 
that  aasamlng  preventive  maintenance  may  bs 
interrupted  upon  demand.  Continuous  Avail¬ 
ability  is  the  long-term  Availability  taking 
preveatlom,  down,  and  rerun  time  into  ac¬ 
count.  System  Survival  is  the  probability 
of  BO  failure  during  the  task,  aaauming  a 
auccsssfal  task  start,  taking  into  account 
the  part-time  stress  of  acme  components. 

Demand  Availability  A^  -  product  all  a^ 

Cooilmmnws  Availability  A  •  product  all  a _ 

c  C9 

Survlusl  A^  ■  product  all 

-  (1  -  A^)/(Eu^  e 

PrevmatiOi^ tress  U  •  A  -  A 

p  4  c 

Pown^tmcee  u  •  R  Z!u . 

d  y  dg 

Rena^btmeea  U  -  R  Cu 

r  y  rg 

Prevemti«iV!Strc8S  Is  of  course  the  differ¬ 
ence  between  Deaiand  and  Continuous  Avail¬ 
abilities.  This  total  system  figure,  taken 
as  a  ratio  to  the  summation  of  group  Preven- 
tloiV^fscss.  can  be  used  to  convert  individ¬ 
ual  group  Prevention/Stress  figures  to  In- 
dlvlAial  group  contributions  to  system  Pie- 
ventlm^Strcss.  This  iS  done  in  the  table 
belae- 

Slmllarly  the  system  sum  of  Down  and  Rerun/ 
Stream  time,  or  1  -  A.,  may  be  taken  as  a 
ratio  ■  to  the  summation  of  individual 
group  D&m  and  Rerun/Stress.  This  ratio 
may  be  meed  to  convert  individual  group 
Down  amd  Eerun/stress  to  their  individual 
group  cootrlbutlonB  to  systea  Down  and 
Rerui^Btiess.  The  summation  of  these  coo- 
trlbatloos  In  the  table  are  the  system  Down 
and  ■mxtes/Btress  tines. 


8V8TBM  RgLIABILITY  TABlgi  Using  th« 
nent  rellabllt'iy  Indices  averaging  botb 
systeas,  :hec  with  stress  tlae  InforM' 

tion  froa  the  operators  logs,  the  following 
(Continued  to  the  right) 


ealuea  have  been  ccsvated  wltli  ths  syst— 
reliability  aodel.  Bote  that  tbs  sjstea 
operated  Id. 5  b<Mra  per  day,  but  Indlvlde- 
al  croaponents  were  stressed  Cor  varying 
.  proportions  of  this  tine. 
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3. SOI 

7.«5 

Maintenance 

U  «  16.437%  . 

■ 

~  Syaten  Delay  0  ••  10.956% 

Component  addition  totals  m 

88.270 

75.517 

12.753 

3.684 

•.046 

Individual  component  maintenance  figures, 
multiplied  by  their  quantity  and  Streaa 
Ratio,  appear  In  the  Syaten  Maintenance 
columns.  These  add  directly  to  a  total 
maintenance  time  of  16.4%  of  the  systea 
stress  tine.  Thua  total  svalntenance 
amounts  to  2.7  hours  of  the  l6.S-hour  day. 

Hardware  Availabilities  are  multiplied  to 
obtain  the  hardware  system  Availability, 
and  the  sane  with  situation  Availabilities. 
The  product  of  these  two  Is  then  Availabil¬ 
ity  of  the  operating  system  as  a  whole, 
computed  for  both  Demand  and  Continuous 
consideration. 

System  Demand  Availability  la  89%,  the  De¬ 
lay  being  split  id>out  equally  between  hard¬ 
ware  and  situation,  systea  Continuous 
Availability  la  70%,  with  hardware  Unavail¬ 
ability  the  principal  contributor. 

Survival  for  a  one-hour  task  tine,  A^,  In¬ 
dicates  that  the  probability  of  failure  la 
twice  as  great  In  the  'situation*  as  It  Is 
In  the  hardware  Itself. 

Conponcnt  group  contributions  to  eyeten  un¬ 
reliability  are  shown  In  the  last  three 
columns,  their  totala  constituting  the  In¬ 
dices  for  this  systea  as  a  whole.  Systea 


Delay  is  the  sum  of  Down  and  Be nui/S trees, 
or  11%  of  the  syatem  atress  time.  This  is 
1.6  hours  of  the  16.S-hour  day. 

Component  addition  totala  are  shown  at  tha 
bottom,  sxblbltlng  the  pessliU.stle  ercer 
with  respect  to  the  actual  -SystM  Opmratloo* 
flguvas. 

This  paper  le  designed  to  lay  tbs  reliabil¬ 
ity  groundwork  for  some  ecoaaay  models.  A 
subsequent  paper  (reference  1)  employs  tbs 
Availability  Indices  developed  herein,  to¬ 
gether  with  performance  indices  and  users 
cost  elements,  to  present  a  generalised  bet 
practical  ayatea  economy  model,  rubllsbat 
data  processing  component  lease  costs  are 
used  In  the  complete  system  cxaiVle  to  dsan> 
onstrato  the  effectiveness  of  the  techaigoe. 

Another  pnper  (reference  2)  outlines  a  mgn  ■ 
lar  reporting  systea.  utilizing  the  modal 
output,  to  provide  current  reporta  of  pro¬ 
gress  (or  lack  of  It)  to  project  management. 

Refetencesi  (1)  B.  8.  Nlnlund.  •Bcoftomy  mo¬ 
dels  for  System  Design  Engineers*  Dec.  15. 
1959,  (2)  B.  S.  Wlnlund.  'Product  Assurance* 
Jan.  S,  1960,  presented  at  IBB  1960  Mlnter 
Convention  on  Military  Electronics.  Both 
are  available  freas  the  author. 


foikmmmcz  or  a  ora  urrr  srsim 

B)r;  Richard  E.  Barlow  and  lArry  C.  Ruotar 
Klectroalc  Dafenae  Laboratoriaa,  Sjrlvanla  Eleetrle  ProdueLa,  lae. 


aaaitct 

ma  fajpar  eonalders  an  alactrtnlc  ayataa 
waieh  i^CBi  failura  la  rapalrad.  Only  two 
atataa  -•  tha  'oa*  a^ata  and  tha  'off' 
atata  —  ara  dlallssulabed.  Tha  tlJaa-to- 
ItallaDa  and  tha  tlaa-to-rapalr  ara  randoa 
warlahlaa  with  gecaral  dlatrlbutlcm  fuac- 
tlona.  Tha  purpoaa  of  tha  papar  la  to 
aaha  aaallahla,  la  a  aloAla  unified  treat- 
aent,  all  aatheaattcaX  Icroraatioci  which 
la  relawBBt  for  a  rallablllty  anolyaia  of 
a  oaa.iMlt  ayatea.  Tha  following  queallcoa 
ara  aaaaaradi 


(ai)  tfeat  la  tha  probability  tint  tha 
ayate*  vlU  t>«  on  at  any  given 
tlM  IT 

(b)  What  la  tha  probability  that  It  win 
be  on  t  houra  or  aora  during  a  glvea 
tlae  Interval  (0,T)t 
(e)  Iftat  la  tha  expected  fractional 
aaouat  of  tlae  that  It  vlll  be  oo 
during  (0,T)| 

(d)  Vbat  la  tha  probability  diatrlCutlon 
of  the  Duaber  of  fallurea  during  a 
glTeo  tlaa  loterralt 

(a)  «bat  la  the  «yi«te4  r»aiib«*r  of  fatl- 
«ree  darloK  t  tfl^ea  tla*  interval) 

la  farticular,  it  la  notad  that  *dovn*  tl^t 
la  aivroKlaatel/  oormll/  diatrlbuted  for 
lATfe  tlm  lotervala,  Hie  apeclal  cAsea  oT 
cxpctteotLai  failure  vltb  expooeotial  and 
coMtaBt  repoi-r  are  glreo  aa  exasplea. 

T  •  mRonxTFici 

Tbm  yarpoee  of  thle  paper  la  to  sake  avail¬ 
able,  ifl  a  aia^e  unified  treatment,  all  of  the 
Batixeaatlcal  lafornatloo  vtiicb  la  relevant  for  a 
reliability  analyaia  of  %  ooe-unlt  a/atea.  la 
thle  paper  tbe  word  "one  unit”  ahali  Deem  that  the 
eyatca  la  vlcved  coUectlreXy  end  that  only  the 
perfm^nra  of  the  a/etem  aa  a  vtoi#  la  conilderod 
—  not  tba  po-forvance  of  Ute  iDdlvidual  coapo- 
oente«  Tbe  ayatea  Itaelf  can  be  coapoeed  of  ooe 
device  or  mmy  dlaeljdlax  derlcea.  A  eln^e  racu* 
ua  tid>e  le  a  oaa-uait  ayatea.  A  c<eiplex  receiver, 
or  ereo  aa  eatlre  aurvelHaoee  ■/•tea  can  be  vlev* 
ed  ae  a  noe  wilt  ayatca  vbeo  the  failure  of  any 
caapoMst  ie  Interpreted  aa  failure  of  tbe  entire 
eyatca«  Baace  vc  vill  aaause  that  if  a  failure 
occura  tbe  ayetea  la  cc^ietelj  Inoperative,  i.e*, 
la  In  ttoa  'failed**  atate.  Eepolr  eccsencea  Inoa- 
dlately  upon  falltire  and,  once  repaired,  the  aya- 
tea  la  retained  to  tbe  "operating  state.  Tbe 
dletrlbvtlcB  ftBxctlooa  for  tbe  tlae -to -failure  and 
tbe  tlae  fcr-rcpair  vlll  be  aaewed  Imovn*  Tbe 


aoat  cornu  aBauaqd.loo  la  that  of  aa  eapoaentlal 
failure  dlstrlbuilco  and  an  eapoaentlal  cr  eoa* 
ntant  repair  dlstrlbutloa. 

Tbe  problea  eonceming  tha  ooe-nnlt  eyataa  la 


to  determine  (l)  Tbe  dlatrlbutloa  of  tbe  asaiiar  of 
fallurea  in  (0,t)  and  Ita  aoaenta,  (2)  Tbe  dUtrl- 
butioQ  of  the  nuaber  of  ccavdetad  repairs  la  (<\t) 
and  ita  aoaenta,  and  (^)  Tbe  dlatrlbutloa  of  doMt 
tlae  In  (0,1)  and  Ita  arainnt.a«  Tba  probability 
that  the  ayatea  la  operatlnd  et  any  apeclfled  tlaa 
can  be  ccf^Hiied  in  teraa  nf  tba  aeana  of  tba  first 
tvo  dlstrlbutlonaa 


Also  of  Interest  Is  tbe  probability  that  tbs 
aystea  la  operating  at  a  apeclfled  tlae  and  will 
continue  to  operate  for  a  apeclfled  laterral  of 
tlae.  Ibia  qunniily,  vblcb  me  call  Taterval  Reli¬ 
ability,  la  capeclally  iaportant  for  eq^ulpaeot 
wiilch  auat  be  vortlng  whan  an  carrgency  alUiatloa 
ariaea. 

The  atodiAatlc  proceaa  %^eh  wo  atndy  la 
ki\ovD  In  probability  literature  aa  a  two-atato 
aeml-Harkov  procese.  Double  generating  funetlcBa 
for  the  diatrltutlona  listed  aa  (l)  and  (2)  bars 
been  obtained  by  Pyke.^  Tbe  ecponentlal  case  for 
the  one-unit  systej  has  been  treated  by  nuaerous 
authora*^*^  Wclaa  considered  tbe  general  probLan 
io  coaneetioQ  vitb  !)>«  coincidence  of  periodic 
pulse  trains  cjialug  froi  radar  aystena.  Takics^ 
treated  tbe  case  of  cscpcncnttal  falluro  and  genor* 
al  repair  dlstrlbxitiona  sa  a  Type  X  cosntar  prob* 
les.  The  aojoum  tine  problcn  if^eh  we  refegrred 
to  aa  (^)  teen  exhaustively  studied  Vy 
Takica. 


^e  new  feature  of  this  psper  W  that  It  imI* 
flee  prerloua  related  work  and  Ideotlflee  it  with 
‘^e  reliability  problcn.  Ve  preeent,  aa 
the  special  cases  of  exponential  failure  with  ex- 
poneatlal  and  constant  repair. 


iia  Ti£B  pian^xBrnoa  cr  its  wuma  cr  muus 


We  will  need  aooe  notatlos.  Let  F  alwaye  de¬ 
note  the  failure  dlstrlbutloB  and  C  tbe  repair 
dlatrlbutloa*  Let  B  denote  tbeir  ccsrrolxxtloo,  l«eb 


n(t) 


I  Ctl-a)  gr(a). 


It  win  ha  coDTenlem  to  label  Um  operatli^  atata 
hy  0  and  the  falleil  atata  hy  1.  Let  Xu(*]  denota 
the  cuaher  of  vlelte  to  atata  J  Is  (O,^  Sieaa 
that  the  ayetea  entera  atata  1  at  tlaa  0.  TTmo 
Noi(l)  I*  the  nuD^  of  falluras  In  (0,t)  If  tha 
eyetca  la  [lut  Into  operation  at  tlaa  W).  Lat  I 
with  or  without  auh&criria  ha  a  randan  varlahla  Aa- 
noting  tba  tl»a-to-fallura  and  T  ha  n  rands  vart- 
nbla  dartotlng  tha  tlna>fcr-rqalr.  Ha  Obtain 


III 


a  e 


•  a. 


a 


i 


PlUQiCt)  -  ‘J  -  ‘  '■3 

-  »  t] 


(k  »  1) 


Pl»nilt)  -  oj  -  1  -  p(t) 


vncr«  *  denotes  piLirv:se  convolullon  and  '(0 
Beajks  t&st  H  Is  eaBvolut.ed  vitb  Itself  k  tlaes* 

Ve  c&n  cbx&ln  &  double  f;cuer&tln^  functlun  for  i^<e 
distrlbut^loo  of  i!is  foUove: 


-  2]  >  Ptn^^(x)  -  k] 


ures  and  repairs^  respective!/,  la  tlM  t.  Slace 
it  Is  often  difficult  to  larert  these  expressloc.', 
it  le  vorthvlille  to  also  derive  latesral  e<iustlooe 
for  these  expressions,  ^ij(t)  le  the  expected 
cus^r  uf  visits  to  state  J  Id  tiae  t  If  et  tlae 
t^O  th<‘  s/stea  en  lei's  stete  1.  Tfote  that  If  the 
s,.'stca  Is  on  at  tlae  0,  then  the  expected  auaber 
cf  visits  to  the  "on*  s^ate,  given  that  first  fail* 
ure  occurs  at  tine  x,  is  V^^Ct-x).  ’i>ierefore 


SlxlAsrly,  If  ti.c  e^stea  Is  off  at  tlAe  0,  the  ex* 
jeeted  nuater  of  visits  to  the  “on"  atnte,  glvea 
ti&t  V..Q  first  failure  occurs  at  tine  x,  is 


-  i  \  =0 


H  -  ^  (»)J 


-x)]  <lC(x).  (2.U) 


f(/)  and  C(x),  equations  (2.).)  and  (2.k) 
can  te  xisei  to  detcrsilne  V05(t)  and  Note 

that  hy  taking  Inplacc-Slleltjes  transforeiej  ve 
chtsln 

In  a  sLollar  mnner  ve  have 


vv.erc  upper  *  dexxotes  Laplace^StleltJes  transfc.'ni 
Let 


u  +  <“■(*) 


•kV-'  ■  r 


’  ;s*oi^^'*3lx.i' 


.  - Liil— 

o*(.) 


In  a  elBllar  i»corr  ve  obtain 


\4.1ch  can  be  solved  for  ▼Qi.(t)  acd  nuaerl- 
eall/. 

Let  Pij(t)  denote  the  probablllt/  that  the 
aysten  Is  In  otate  J  at  tiae  t  if  it  starts  In 
state  1  At  t^O.  Hote  that 


- 


1  If  systca  le  off  at 
time  t. 

0  otherwise. 


i-»a  (i) 


I  {•)  9.  C«L 

C*(») 


SlallKily 


^quatlcne  (2-1)  and  (2.2)  gWe  the  Lnplnce- 
Stleltjes  irmoefons  of  the  expected  cuaLer  of  fall* 
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•nd 

V')  -  ^ 

SlDce  !•  »  r«n<lo«  variable 

whlrh  a*  ooly  IM  valu«i  0  and  1,  wa  bota 
Uiat 


aad 

P^(t)  -  3*0(1) 

vhara  t  and  a  ^  ara  tht  of  T  and  0  raapae- 

llvul.T  and  1  a  (  a  I)  and  ara  'tka  flrat  and 
accund  ao»enta  of  S* 


vkara  n  la  any  poaltlva  integer.  In  particular, 

ir  ifZ, 

* 

la  ihl*  aanDer  vr  coa  cc&pule  tb«  correl#ilioo 
coarricl«t  of  aad  in  tenaa  of  ^^elr 

reapocilve  first  Sa'd  sccorid  so^nls* 

Tt*«  lAplaoe  irArafona  cf  tbe  distribution  of 
the  nuaLer  of  fsilares  cs.n  be  obtained  io  the 
follovlo^  Let  W(t,n)  be  the  probablxLty  of  o 

or  led  fsllux’cs  in  tiae  t  stsxtia^  trlth  the  unit 
oa-  •nieo 


SIM'JJY  OF  SECnOl  II 

la  The  !Apl&ec»2tloltJtts  traasforM  cf  lb* 
expected  nuster  of  fsUuLros  Sand  repairs  ore  glvoA 
b>  e^uetiotis  (2.1)  ^d  (2.2),  resp«etlveljr« 

2.  Integral  equatioos  for  the  vepeeted  o^as- 
ter  of  failures  and  repairs  Oa^s  i^vsd  In  aquatloan 
(2.5).  {2.'^),  (2.b),  (2.6). 

5a  The  probAbillt^  th.s  systen  is  oo  at  tlM 
t  is  by  (2-7)  and  (2.8) 

b.  The  probability  of  n  or  less  failures  la 
tine  t  Is  ^Iveo  by  (2-9)  and  Its  trsnsfom  by 
(2..0). 

La  Asyoptotle  expresslcns  cf  thess  quslltloa 
CU-*  glveo  Id  (2.il),  (2.12),  asd  (2.1i). 

l^saple  2.1 

Suppose  the  failure  dlatrllutlun  is  expooee- 
tloi,  l.e.,  F(t)  -  1  -  e*^''  and  the  tlM-f or -repair 
is  also  expcnentlal,  l.e.,  C{t)  •  1  -  s"^^*  Tben 


v(t,a)  a  -  k) 

l»0 

D 

-  l-F(t) 

lol 


o’{.) 


k 

a«k 


n-«  Lnploce-StleitjDt  trariafora  of  llw  lapajta* 
r.uater  cf  failure*  1*,  by  (2.i) 


a**(a«b)a 


Toea 


-  fa^^^i)!.  (2.9) 

“  (»»«)  •  •  *' 


fO) 


a  -r  (a)  IH  (*))“. 


(2.10) 


In  getMETtil  U-fs'.-  '.aplsce-Stlelt Jes  transforms 
ore  difficult  io  i  -*^  4.  Kovcver,  sooe  osyevtotic 
foraulae  arc  aTOilable  fro«  renewal  theory.^  In 
particular 

t  I  i<^> 

-  T  *  ♦  - -  ♦  o(l)  (2.U) 

*  2  i 


t 

‘  zr 


(2.12) 


CctisultlQg  s  table  of  Laplace  traasforns  ve  ee 
that 


»^(i)  -  .. 


{cch 

) 


b.a  ^  .  seb  ^ 
—  slnh  — *  1 
a^b  2 


vhere  ^q|(^)  donotei  the  derivative  of 
Benca 


-(a4b)t 

01  ^  *  m+b  2^a4b) 

o(b-a)  -(aebH 
♦  ^  '  ♦  c 

2(a+b) 

Vhierc  c  Is  a  constant  of  iDte^ratlon.  81noa 


»01<0)  -  0,  c  - 

(aeb) 
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,  I 

I  ! 


t'A 


lA  t  •i«il*r  Mnner#  ^  c<m^M 


•  ’0l‘‘>  *  ’00‘'> 


_« _ «_  ^-(•^)‘ 

»*>/  a^b 


.  b  a^  -(a*b)t 


lb«a«  probabllltlaa  couia  alao  ha»e  been  obtaloeA 
la  a  direct  faabloo.  Upoo  lavaraloo  of  (2.10),  taa 
obtain 


J-l  /aak-A  b*'^  a^ 

>,  -  •  •g'-» 


1.1  «A.  .,>fc.i-j.i\.*'V“‘-« 

■,  - »'  •§-«  C  -> 


quoatit/  vu  o%>tAlD«d  M  2  Ifl  r«fa  S* 

BajjgplA  2.2 

Buppote  A^ln  that  tta«  faLlurv  AiatritMtloat 
la  «xpon«iitUa,  but  that  th«  tl^-far-r«xi*lr  1« 
conjtAnt,  *4/  ‘rhoa 

'*(•)  -  — 


0  (i)  - 

nx«  memn  maibar  of  failurtt  lA  (O^t)  b«C4aiM 


^  (V«b)‘ 


whara^^^  daaotaa  grrmtaat  lata«ar  coplalnad  la 
t/0 .  Baaca 

V'>  -  ."<•«> 


The  dlatrlbutloa  of  tba  aaa^tar  of  fallaxoo 
can  be  abta.  lad  aa 


w(t,o)  - 


if  >t 


Tbaae  ijuantltlea  vara  darlTad  la  refa 


III.  msmiKinoa  cr  smxn  DOW  TDS 

Let  p(t)  daaota  tba  aaiwt  of  tina  tba  arataai 
la  down  during  lO.tJ.  That  la,  p(t)  la  tba  aamad 
of  tins  apent  In  repairing  tba  aTVtea  la  tlaa  t. 
Put 

0{t,»)  -  Prjo(t)  t  a)  . 

L.  Toliac*  that  tba  Atotrlbutloo  fbootioB 

for  0(t}  las 

fl(t,r.)  -  o"(a)[»^(t-.)  -  (>a) 

^era  O^Cx)  and  l^tx)  danota  tba  a-tlnaa  Itaratad 
coarolution  of  the  diatrlbutlc^  function  0(x)  aa4 
P(*),  roepeetlTelir,  vllb  Itaalf  ((I°(x)  •  1  If 
X  <  0,  0^(x}  a  0  If  z  <  0  and  ]'^{x)  a  l).  Purtbaar 
ba  provaa  tba  foUovlDi^ 


1W1  1,  J  2  _ 

If  Um  -nx.  foea  of  X  oad  T,  Og  (04  Op  i'mjoc 
tlTeVy,  la  flnlta,  »*>«>  piittla*  E(Z)  -  a  aa* 

X(l)  -  P,  «a  haT« 


11*  rr 


2  2  2  2 

»  »o  *  °  -p  ^ 


Iba  t*pl*e*-8tl*lt,1*a  tranafor*  la 

-®  -  -*ull-«(a)] 


i 


«(a) 


li 

Ina  ' 


ytaBpla  3-X 

Suppoa*  V  Wlab  lo  eo*put#  tba  protabUltj 
that  th«  a/aie-  1*  dove  aor«  than  2li  l>o>ira  la 
10,000  houra  ol  operatlora.  Th*  fallurt  and  ra|>ijr 
dlttrlVulloo*  arc  unlnovn,  tnrt  fro*  aaapla  data, 
tba  follovlne  eatlaataa  of  ani  n  and  variance*  or* 


Po  by  Invcraloo 
a(u4x,z)  •  a 


*  _ 
•‘‘“'f  ^I^(2v'*Kv)«jj 


Bade: 

2 

a  »  1,000  iiour*  Bg 

2 

p  >  2  hour* 

AFpeallBg  to  Theorea  1,  wo  know  that  for  t-10,00Q 

6(10.000^  -  l»-96 

6.66 


la  approx UMlely  nomtUy  dlntrthuted  with  aean  O 
and  variance  1.  Bene* 

Pr  1p(10,OOO)  *  2U}  .  Pr  I 


100,000 

k  . 


*  .23  . 


Bu»,  tb*  protjablllty  the  t/itea  1*  down  acre  than 
2k  hour*  In  10,000  hour*  1*  about  .28.  Beta  that, 
the  probability  that  down  tlae  •■•lU.  exceed  JO  houra 
la  Icaa  then  ,07* 

Pr  Jf  ;i0,000)  *  joj  <  .17. 

Rcagpl*  3-2 

It  e^>  to  vort  out  the  ex*ct  dletrlbutloB 
for  the  doun  tlr«,  glvec  bjr  fquatloo  Vhet 

Y(t)  G{t)  Arc  hath  c3ej>ocientl4kl4i 

p(t)  -  1  -  a'^S  0(t)  -  1  -  - 


where  1  (x)  1*  the  Beaael  function  of  order  1  for 
the  Icko^lc^&ry  exfueeQt  defloed  by 


By  eubetltutln*  u  -  t-x  u*  obtain 


,x)  -  Jl  V 

/(1/2)  j^(2vKrt:ST?>4^. 


If  a  urrravA;.  kuabilitx 

Am  a  floal  rctult  ve  obtain  the  InterrAl 
SellAbtllty  of  A  ooe-unU  cyote»e  lutenrAl  relia¬ 
bility  it  the  probability  that  at  A  tpeclfled  tXa^ 
the  tyetca  le  operating  Aa»l  vill  cohtli^ue  to  oper^ 

Ate  for  lotervAl  of  duratloOy  eajf  x#  Tb#  e/vtAa 
OMy$  for  exaspley  be  a  sAfety  vblch  le  ■■■A 

only  vben  an  energeecy  oltuatlaD  arltee*  It  e^# 
boveverp  etlll  TaII  VhUe  not  b«lJ\g  uaed.  IhlM  U* 
pArtlculorly  apropot  to  turvelUance  eipiljaeDt*  W# 
My  then  ask  for  the  probUnity  that  t  eyetMi  #111. 
•urvlve  for  on  interval  of  leo^h  x  without  repolr^ 
When  called  Into  uae  At  tl#e  t.  Let  R(Xft)  6ooaAo 
tMe  probability.  Tb#o 

«(x,t)  -  1  -  F(V>«)  ♦  I  [I  -  F(t-y4x)l 


tbe# 


F<"\t^) 


.(t-x) 

ni 


eUce  It  the  pTobablllty  of  a  ca«j)l«t#4 

repolr  at  tljoe  y.  Tbc  .\l#lt  oe  t  approoche#  in¬ 
finity  of  thle  quantity  foUove  fre#  the  k#y  r#- 
cKTval  tbeorea^^  1*#.^ 


11» 


Urn  It(x,t}  • 


I'- 


F(i)]  4ir 


U«  My  xlxo  Mk  for  tb*  probability  that  tha  ay»* 
t«a  will  b«  rep-lrad  within  a  sufflclontly  abort 
Interval  If  It  la  not  (gratia*  at  a  apoclflaA 
tlae.  W(  vtn  call  tMa  quantity  tha  aarvlalna 
reliability  and  uae  tha  notatloo  S(x,t).  Ihna 
S(*,t)  la  tte  probability  that  either  the  ayataa 
la  operating  at  tlaa  t  or,  if  it  la  not  operatlaii 
that  It  vlU  be  repaired  within  as  Interval  of 
length  X.  Heaaoolng  aa  above  we  obtain: 


.,0-1-^ 


II  -  0(t-y^)l  4f^(y). 


Appl/lo^  thtt  liey  rene^«l  th<or«i*  obt&m 
JTli  -  C(y)]  dy 


lU  P(*,t)  - 


gnAjple  Uel 

>^aln  cotuldfcr  rttiie*  i'Lcrtf 

/(t)  ■  ft.'id  C{x)  , 


#  %  t  -a{i4X)  Cf 


2.  yular,  8.,  *An  IntroduetlOB  to  FrobaMlltj 
-fkiiiT  Md  Its  ippUeatUna,'  Vllay,  1^7* 


V  1001084^  J.f  "Maasuroa  of  PependaWllty,* 

gfocaisoaa  kaaearnh,  -Tol  0^  Ih^iar  !«  Jan.  19S0« 

4.  Selaa.  C.,  *a>  the  ColoelOaBea  of  Certain  Bna- 
te  AaKtlnna,*  »>art.  Appl.  Math.«  XIT-l.  lOJa 

(WoO- 

5.  xal^as.  4>(  *Oco^^Tence  and  Cotneldaaes  Pheaoa- 
aaa  la  CMa  of  Bappenlnga  with  Azhltrary  lUs* 

1 1 141  lia  law  of  Duratloo,*  Acta  Math.  Acad. 
Id.  »B«.  2,  pp.  27^-296,  1951- 

o.  laUca,  t.,  *0o  Certain  Sojourn  Tlaa  Problaaa 
la  the  Ifaeory  of  Stochaatle  Proceaaes,*  Asta 
Hath.  Iced.  Scl.  Bung.,  pp.  169-191,  1957- 


■j.  Tahfes,  L.,  *0d  Lialtlsg  Dlatrlbutlona  Cooecia- 
li^  a  Sojourn  Tlaa  Problea^*'  Acta  Math.  Acad, 
set.  BiM-,  PP-  279-29^.  1957- 

8.  L-,  *0n  a  So^jum  Tlaa  prohls  In  tha 
Tbeoy  of  Stochaatle  Proeessee,*  Trans.  Aacr. 
Hath.  Soe.,  Tol  9J,  "o-  >»  Daeaaher  1959. 

9.  Salth,  8.,  "Asyaptotle  Senaaal  Theoraaa,* 
FrcoeeSlegB  of  tha  Hoyal  Society  of  Bdlnburiht 

Tol  aiT.  pp.  9-^,  19SA. 


*  b(a«b) 


clearly 


11a  Six, t)  - 


%dileta  oat  vould  expect#  Alto^ 


/  t  a  •  * 

a(x«t]  •  1  -  --r  m  -  — 7 

'  ‘  '  44^  •4l» 


-’bx  >  -(44b)t  -bi 


iU  a(x,t) 


ni7£jU3«:£5 


I,  Pybtp  He,  *Mark(T  Rraeval  Procetttt  viUi 
71-nltely  Mwiy  Ctolct,"  Coluabl*  Uolvertitjr 
Techolcoi  Repor*.,  o:®  Conlrtict  Ifumoer 
Iloar-26i(l.9)a 
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STATIST lUO.  PITFALLS  FOl  TUt  ■XXAWl.tTF 
Byj  0.  H-  B»olth»rt,  PrixJuot  A«»iirMO»,  to<l»  C<»rpoT«tloo  of  iMrlM 


latrcxiuotlaDi  Tb*  fl«ld  of  lUlltbUUjr  Loo  daTol- 
opm  phedooratlly  durUic  th*  p*it  fow  yoiri.  So* 
aopocU  of  dorrlopnant  h«r«  b«»n  oxtrsaily  fi-olt- 
ful,  othor  oipooU  h«»»  not  r*turn»d  tho  iJl*l<S«nd» 
•xpaoUd  fro*  the  effort  eipesded.  Tn»  look  rf 
peturo  le  due.  In  perl,  to  Maentlo  dlff loultlee 
between  en^neere  end  oathenetlolene.  Thin  pro> 
eentetloa  will  concern  Iteelf  with  foiff  ereee  of 
the  sentAtto  hurdlee  that  feoe  the  rellehlllty 
eogloeer, 

li  The  word  Vffleleooy*  !•  one  of  the  key  feet- 
ore  In  on* Ineer/etetUtlclm  reletlnoi,  ee  thU 
word  !■  ueed  by  both  g^roupe  with  entirely  differ¬ 
ent  Minlngo.  Statlslloleni  ipond  e  greet  deel 
of  line  talking  about  the  etallitleal  effloleacy 
of  a  pertlcolar  technl'iue,  and  englneore  aaauoea 
uaiully  erroneouely,  that  the  rletlatlelan  la 
referring  to  engineering  efflclendf* 

The  atalletlolan  oalla  e  atetlslle  efflelent  If 
It  hat  aiolaUB  variance.  Lfflcleocy  It  a  rela¬ 
tive  tom  oeanlng  that  a  particular  atatlttlo  hae 
laaa  variability  than  any  othera  whan  coofuted 
fro®  aanplea  drawn  at  randoa  fro®  a  bojl  of  ran- 
dcit  n’iabera  or  chlpa  riuuborad  to  raproluee  a  opa- 
eiria  danalty  fi'aetlon.  Thus,  tha  affleleniyf  aay 
ba  a  fuDOtloo  of  tha  danalty  functlana. 

The  tdaoretlcal  advinlage  of  the  ao-ealled  effl- 
oleot  itetlatle  la  that  a  aealler  aaepla  la  re- 
cjulrad  to  eatlmate  tha  paraaatara  of  tha  dlav.rl- 
butlor.  than  vaUd  ba  ra'j’-il’'rd  by  the  use  of  atgr 
other  atatistle. 

The  datlrebUlty  of  ualng  efflelent  atatlattee  U 
reiterated  lo  oftao  In  atalUtlcal  tett  tooka  that 
non_»latl«tlolana  hove  Joined  the  chorus.  Hence, 
lo  hooka  wrllteo  by  er.glneera,  you  will  find  word* 
to  tha  wloa  eoucerothg  tha  aaslrabUUy  of  iielng 
tha  ataudard  deviation,  due  to  Its  aff Icla'.tcy,  te 
eattsuVa  varlihUlty.  Tha  use  of  tha  range  Is, 
if  ventlooed,  usually  tcornsd. 

In  prsotloe.  It  frequently  turns  out  thet  the 
standard  deviation,  while  havU.g  statistical  effl— 
olsncy,  eotvially  Is  tore  vtrlsble  than  the  range. 
In  ejcperliasnts  con'luoted  by  OUon,  et  the  Univer¬ 
sity  of  Oregon,  college  otiuiente  Mde  eo  aary 
arrora  In  ccaputtng  the  standard  devlstl.m  of 
aasplse  drawn  froa  a  bowl  of  ooreal  ousbers,  that 
Its  variability  was  tctually  grester  than  that  at 
the  rang*.* 

The  aotual  derlrablllty  of  using  the  range  say  he 
Judged  by  the  ouaber  of  statistical  research  artl— 
alas  oa  the  uae  of  varlou!  types  of  ranges.  One 
raiki*  used  In  life  testing  Is  the  seel  or  quest 
ruLCfi  which  Is  ths  tlas  froa  the  first  feUure  to 
the  asdlAO  fatlurs. 
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tbs  dsfUsiUoa  of  ofricleboy  ehgliioers  iheald  s». 
-v-y  !•  that  of  •Asslgnshls  Causes  reveslsd  st 
,lil—  eoat. *  Henoe,  ths  engineer  should  shoos* 
klo  stotlstloal  weapon  depending  on  t>,e  saelgaabU 
eaMo  which  be  suspects  aay  he  preseiA,  or 
jy  areaeot,  would  be  most  detrlaentel  to  rslle- 
blXlty.  In  pertlouler,  this  osans  that  stetlstl- 
eal  tedaslq\MS  chosen  to  asal.t  xn  reliability 
lavestigstiODS  should  be  those  helpful  U  Inter- 
y— vs-g  the  physical  technnlsa  of  failure  or  ro— 
eeallag  changes  lo  the  pivyeleal  Beehanlsa.  tbs 
ability  to  aooooalcally  detaot  asslgoabls  causes 
prodaelry  the  following  etfsots  oo  date  should. 

In  SB  angtnaerli%  Invsstlgstloe,  la  ths  asssure  of 
efficiency  -  gross  errors  or  blunders,  shifts  le 
average,  ahlft  of  vsrlablllty,  slow  fluctuation 
or  trend,  fast  fluoluatlon  or  cycle,  and  corrole- 
tleaa. 

Soae  years  sgo,  oUtlstlce  of  high  englenerlBg 
afflelcocy  were  tsbulsUd*  with  respect  to  various 
data  Influencing  offsets  or  esslguable  causes  In 
a  series  of  articles  In  Industrial  ©lallty  CoatroU 
All  U  those  methods  are  assy  to  apply  and  are  of 
great  engineering  utility  In  revealing  the  p/o- 
neiire  of  usslgnshle  causes,  trends,  qyoles,  %Ald 
Shota  or  grosa  errors,  etc.  It  le  generally 
assrasd  that  U  the  effoets  are  statlatleally 
algalfleaot  It  will  be  possible  to  leolats  and 
IdMtlfy  tho  Physical  process  rsspontlbU  for 
laflsooelne  the  date.  Whether  this  latUr  assv^ 
tles^  is  true  will  dspsnd  lergaly  on  the  skill  of 
ths  ei«1naer  looking  for  ths  taslgnshle  osuse 
■ig-iPfiv  pressDcs  wes  reveslsd  by  the  data, 

2i  Tbs  second  point  ^Ich  ceusss  dlffleulty  Is  In 
Uss  appllcatlnn  of  Bathanatloal  nodsls.  Tha  train- 
lag  of  soue  engineers  Is  so  ooodehssd  that  they  do 
not,  la  ihsir  college  ilay*>  sufflcleht  tie* 
to  euelne  critically  the  basic  assiiaptlcn  upon 
which  the  aodols  are  based.  Henoe,  sosse  engineers 
do  I»t  question  s  stetlstlelaa  too  olossly  es  Vs 
idvst  his  fundamental  assunptlons  are  and  will  t»- 
advertently  eeploy  ststlstlcsl  sodele  that  ar* 
Inapproprlsta  for  his  partloulsr  rssd«  In  addl- 
ttao,  natheeotleal  “one-up utsnshlp*  precludes  • 
full  discussion  by  ths  Kothsastlclsn  of  the 
prastlcel  aep-cts  of  applying  s  pertleulsr  ncdol- 

go  poo  are  all  aware,  eoct  equations  used  la  nag' 
Ineirlng  work  here  to  be  sUsplLf Icetlona  of  n 
haste  physical  aodsl.  Tor  etanple.  In  deslgolng 
audio  ncpllflers,  thres  aatheestlesl  nodels  of 
tbs  H^llflsrs  arc  seployed  la  analyalng 
■Lgalag  the  eleotronlo  olroultt.  tech  of  these 
1*  a  slupllXloatlon  of  actual  circuit  and  each  la 
useful  In  B  oertaln  frequency  range-  The  us*  of 

sOlvtood,  Paul  S.  -  Vv*  to  Cstoot  th*  TtV  ft 
*  Asolgwlil*  Cause* 

Pert  1  -  causs  for  fsrtloular  Typee  of  Trouble 
Indvtrlal  tfunllty  Control  .  Hov.  1952  Vol.  IX 
Part  II  -  •Procedure  then  Probeble  Cauae  Is 
Onkwes*  -  Icd<istrUl  Wiallty  Coouol  -  ' 
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UvtM  aed*!)  «ontrltut4(  t«  th*  daslgn  etigliiMr'B 
•fricl«n«7.  Hownr,  *  dirfcrvot  aodal  aiMt  b* 
wad  U  ha  la  (oU^  t«  4a>l«n  a  broad  baud  aldao 
aapllfUr,  ao  tha  angluaar  Buat  ba  koowladcaabla 
asoufh  to  ehooio  hU  aedala  vtth  olaoratton.  Tba 
•oat  roBconad  oaaa  of  tha  alaapplleatlon  of  a 
•atbaaatical  aodal  lo  racaot  yaara  la  tbit  of  tha 
fowui  trld^  oa  tha  ^at  Cout  which  uhlppad  lo 
tba  traaia  ustll  it  fall  apart.  Thla  wai  duo  to 
aa  ao^lMar  orarlooklnx  a  alapllfleitloa  lo  tha 
•odal  that  cwflactad  a  asall  affactj  which  to  hta 
applleatloB  baeiea  a  larja  affaot. 

KallahUlty  Cnglnaaii  ha«a  baon  depasdlnf  oA  tba 
Btatlitlclao  to  tall  thea  what  aodal  to  lua.  Tha 
■athaBallclao,  batog  liuoan,  la  apt  to  chooao  a 
•odal  vhloh  la  atty  to  aoalyaa  aalhaBatleally,  or 
to  ohooaa  ona  bacaiia  thrra  la  no  darrogatary  Iru 
fonatloB  about  It.  Tha  Rallablllty  Eoglijaar 
au*t  taiura  hlsstlf  that  tba  aodal  ehoaao  raally 
fuIflUa  hia  particular  naad.  Coepooant  fallurcc 
ara  gaDarally  ropraatatad  tv  tha  atponaotlal  dla. 
irlbutloo.  It  la  raaaonahly  aalld,  and  tablaa 
for  hypothaala  taatlog  ara  avtlltbla  at  wall  aa 
oonfldaooa  llalta  for  point  aatloatlon,  HoMtar, 
tba  larpla  aliai  and  the  laogth  cf  tha  tait  ra. 
q^ulrad  to  obtain  ataliatleal  tlgnlfloanoa  aro 
naually  aora  than  may  ba  aeor.oelcally  Jultlflad. 

If  tha  aiponaotlal  rapraeaota  your  fallura  pat- 
tama  and  you  hava  ina  Buinjr  and  tha  tlaa  raqulr> 
ad  by  tba  batlc  attuaptlona  to  gat  tha  tntuara  * 
uaa  thlt  nodal,  Houaaari  If  your  aln  la  to  an- 
baaoa  rallabUlty  at  alblcua  coit,  without  oao- 
attarlly  attlutli:g  ■wao-tlsa  lo  failure,  u:t 
^bal't  aodal*  for  talactlng  blnoalal  populatlooa 
lo  ptaBhlng  your  eo«pon<nt  taatt,  Thla  nodal 
aaka  ocUy  soa  quaatloo  •  *0o  vc  haaa  tha  baat 
populatloal*  It  doaa  cot  atk  what  la  tha  aaaa> 

Ilfa  of  thla  pepulatloB.  Tha  otalng  In  aaapla 
alta  and  tlao  by  th*  ura  of  thla  oodal  la  oontldar* 
abla.  Kaoca,  a  ahlft  In  dlractloo  frcaa  rallabll. 
lay  tutiuranaDt  to  rallablllty  loproTaMot  aay 
raault  lo  Increased  engineering  afflclanoy  for 
your  part  aalactloo  pro.rraa.  If  tba  oqulpoent  It 
ground  aqulpiocat  arwnabla  to  Ideotlf Icatlou  of 
falluras  and  raplecacant  of  failed  coaporenta  with 
little  aqutpaant  Jows-tlna,  thli  aay  be  tha  way  to 
allocata  your  fu-tda  and  nanpower  for  graataat  ra¬ 
llablllty  Inproveoant  par  dollar  expanded, 

Varlfloatlon  of  naan-tloe-to-fallura  raqulraoant 
of  aqulpaont  nar  coat  frua,  three  to  five  tlaat 
tha  Initial  aqulpneot  cost  whan  ona  la  attanptlng 
Ttrlflcatlon  baaed  oa  arponanllal  aaauauptloait, 
Faradoslcally  tha  fewer  tha  falluraa  tha  broader 
tba  oooflOenca  Intanal)  hence,  batter  aqutpaant 
tends  to  require  eora  atpanalva  taata,  Tha  aeo> 
nocda  goal  of  lalltUllty  «r.glraarlDg  should  aa 


a  S.  3.  Cupta,  M.  J.  Hajralt,  h.  fobeli 
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Malaw  oparatloeal  af  foot  tea  Biaa  at  nlnlua  ooaU 
Thla  Bin  abould  bring  tba  foUaadag  faatora  loU 
tba  rallablllty  aoiWl. 

balotananca  Cyela  -  Itow  eftaa  ■aat  rsMilas 
aalntananoa  ba  parforaaJ* 

Aaaraga  doMs-tlaa  for  roitlaa  ■alntwan na» 
gwaraga  dowa-tl«a  for  unachadolad  aaliAairsca. 
baxlaua  doun-tlaa  for  waaohadilad  ■aiataDasoa, 
Palntananea  phlloaopMaa  and  aklU  larala  requir¬ 
ed. 

expected  perfomanBe  dagradutlea  aad  Indleatica 
of  dagradetlosi. 

Irrcreaaad  aephaale  on  tbaae  faetora  la  yosar  ra- 
llablUty  iwdal  nay  raduoa  tha  aaad  fer  aatlw- 
tlng  »aan.tlaB-to-fallure,  With  pro^r  defini¬ 
tions,  sow  of  tha  aboaa  faoUra  wy  ba  aatlaatad 
by  coovantlonal  tlaa  study  tae»a1%^. 

The  cQOBonly  acoaptad  daflnlttoa  of  rallabllity, 
•Tha  probability  of  parforalng  ultbexit  failure  a 
speciriad  function  tasdar  glaaa  OTndltlcea  for  a 
spaciriad  period  of  lUa,*  gsnaratad  a  uaaful 
Bodal  of  rallablllty  for  paru  or  staple  black 
box.  Mowavar,  rigid  adharsJsca  to  thU  daflulttoa 
leads  to  Bodalr  that  ara  not  applicable  to  ayrtSB 
parfotaxnee.  Om  haa  to  daflisa  rallabUlty  aary 
dlffarantly  If  an  adaquata  ayataw  Bodal  la  to  ba 
dsrlsad.  -o  albernattae  daflalllmia  U  tal  labil¬ 
ity  la  the  probabUlty  tbal  a  ayataa^  fiasotioa, 
or  aoda  will  proalda  other  thaa  suo  parfrawnoa 
for  a  given  period  of  tlaa  sAaa  aubjaetad  to  Ita 
Inter.iad  cirrlroiuaBntr* 

Tha  beauty  of  thla  dsflnltloa  la  that  aodtla  of 
sytUa  parforauDoe  aay  ba  ccssatrasstad  wblob  are 
aSMoatsla  to  aaaauraaaBt  and  ^edlctic*.  Tbua, 
ayaua  avallsbUlty  aay  ba  aaaaared  or  aystaa 
lo.'r  say  ba  pradlotad.  Inoldantally,  ayrtea  loaa 
la  defined  as  the  aiaoatloa  of  all  poaalbla  frie- 
tlonal  loeraf  of  aqulpwot  partonuaoa  tinea  tha 
raspactlva  probabUlty  of  oach  ef  tboaa  aalfunc- 
tlooa. 

aitnoujh  sodelr  for  ayataaa  hava  gacarally  Ig¬ 
nored  rrpwlr  and  hers  naually  uaaasd  caaponaat 
fallvraa  are  Indapacdaati  a  real  ayataa  oanoot 
igoora  rapalr,"  and  aub-ayatassa  aad  parte  do  not 
alvaya  faU  lodapandaoUy.  Thai'.fore,  a  oossplata 
ph/atcal  aodal  of  rallabUlty  ban  to  racooclla 
aystaa  loaa,  arailablllly,  repair,  and  dapandant 
frllures  of  parte- 

Hodela  of  tha  eoOBoalca  of  tba  total  rellabUlty 
situation  have  boan  lacking,  or  IT  avaUabls,  Ig- 
norad.  Posalbly  this  la  d^  W  tba  adaittad 
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eoBplsxlt/  of  tte  rvltablllVy  aoiWl,  am  tk» 

•coooslcs  aMt  t>*  bkaa4.  Tar  auapla,  cf»r«ttn» 

■1  arrMllTMaM  for  ipwad  o^t^Bt  ao?  b* 
•dilaiod  at  o  anA  loMor  ovofv^l  ooot  IT  tto  fro 
dMt  1*  th~1|Ti~'f  fcr  MM  of  Miotoaaaoo  m1  ootw 
Tlolagt  rathar  UMa  spoadUf  aa  aqulaelaat  bm  far 
lMrova4  BoaponBatB,  aa  wall  aa  t)M  rallaUlttr 
aotel.  Bouavar,  this  lapllaa  kaowlcdca  t€  Ua 
BBiDtaoaBoa  aad  aaralea  ooata  fcr  tha  ogAlaai 
aUooatioa  of  affort  to  bo  aaaiaaad. 

Ala  laada  to  a  ratbar  loaolaad  problaa  la  epara. 
tloaa  raaaareh)  for  ararpla,  Imm  doaa  OM  Ma«Ma 
tha  aooocala  gala  or  loaa  If  tba  ayatoB  aadal 
laecU  to  Sotel'a  tadialquaB  for  tatlLag  dM"* 
aotat 

3«  Tba  tblrd  ana  tbat  aaada  iMrooMaat  la  tba 
raallutlca  bjr  both  tha  aoglaaar  aad  tba  atatla- 
tlclao  that  ooa  ef  tba  aiylnaar'a  aajor  fCoblaM 
la  lafaraocaa  frea  raw  <Uta  whao  thara  la 

02  etatlatltal  rvttl.  Ibla  {roblaa,  la  of  eowM, 
()Utta  dlffaraot  than  that  of  aokLog  4a<taatlaBa 
froa  a  aodal.  UBfortaDatalj,  maaj  anglnari,  M 
wall  aa  aatbaMtldona,  Oo  oeA  act  aa  If  thay  ora 
auon  at  thla  atfiaet  at  tha  aoglaaar'a  groblaa. 

ma  third  area  la  probably  tba  aoat  dlffteolt 
ODt  of  aU(  and  yat  1*  tba  problaa  tba  angloaar  la 
oontlnually  facad  with  la  hla  dally  aetlaltlaa. 

Ea  eooataatly  baa  to  aaka  InfaraiMaa  frai  raw  data 
Uhooa  padlgraa  ha  doeao't  know.  Vary  faw  dla- 
cuaalooa  aa  ral lability  taatlog  or  aagloaarlag 
data  roTlaw  tha  atatUtloal  stability  of  tba  data. 
If  the  data  la  not  atntlatl''all7  atabla,  er  doaa 
not  ooat  froa  a  prooasa  whleb  la  atattatleaJLly 
stabla,  you  oanaot  artrapolata  praMot  data  lata 
progooatteattou  at  futqra  parfenamoar  Iba  boat 
known  tost  of  atatlatleal  stability  It  tba  oootrol 
chart  derltad  by  Ib-.  Xaltor  Sbadort  for  ooa  la 
analyalng  anglnaarlng  datau 

Tba  eoBtral  ehort  la  a  sraphloal  proosAira  booad 
on  a  ccaMnatloo  ef  aouad  statlatleal  and  awe 
Isaarlng  prloolplaa.  OofortOMtolyi  It  baa  baaa 
largaly  Igncrsd  by  aoglnacra  and  haa  utoolly  baoit 
appllad  la  aoalyola  of  tha  atablltty  of  prodo^ 
tloo  data.  Tba  osa  of  tbaaa  charta  aa  aa  aid  la 
locating  aod  Idaotlfylng  'aaaigiMhla  eauaas* 
raaponalhls  for  poor  product  parforaanoB  ta  wall 
known  and  aatanalsaiy  doowaiitad  In  thla  xmMtrj 
and  abroad.* 

Ufa  tast  data  abould  ba  taatrd  for  atsbUlty  ^ 
the  us*  of  Control  eborta.**  This  will  assist 
In  plnpolotlag  taat  laatrusantatlOB  problana, 
ehnugas  In  rnta  of  liagrasUtloa  of  pstrta,  noa- 

*  Carratt,  ToffnaU,  Uaddsll  -  ■Tba  1^)  Ooulal 
Systau  Arr^luatloa  of  ^jalUy  Control  Baiyslra. 
aant*  la  th«  tVinufactura  of  Coapooanta*  .  Ball 
Syitaa  Taobnleal  Joutoal  -  Vol.  COUl  H  - 
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Isianpallj  la  tba  iMplt  and  othar  aaoignabla 
fiiait  Rallablllty  will  oedy  ba  snhaooad  If  tba 
aaalgMtda  eaaaaa  ora  Idaattflad  aod  aultabla 
daalga  er  proonaB  chnngnB  anda  to  pra*aot  tbalr 
iiuiiaaraanB. 

1b  addltloo  to  eootrel  chart  data  eo  Ilf#  tant 
parferaonea,  tba  aalotaaajwa  of  a  oooalataot 
rallablllty  le«al  raqulraa  that  tha  produotloa 
prooaas  of  parta,  aub.aaaaahllaa,  on)  unlta  ba 
daalgnad  and  ooiitrollad  to  acbla*a  statlttlool 
atablllty.a  Cartalnly  wa  could  not  afford  to  go 
to  tbaaa  extra aaa  of  tba  Ball  Telaphooa  Co.  L-3 
rapoatar  aystaa.  HowBrsar,  syntao  oaoaltlM  aoo> 
pooaota  cartalnly  abould  ba  giraa  tbta  traatOBBt. 
OtharwlM  our  pradlctlsma  ooooaroing  oOBpaoaat 
bafaavlcur  ora  at  bast  rough  guaiMC. 

Tba  rajactloa  or  usa  of  wild  or  outlying  ebaai  *a~ 
tlcaa  la  oaa  that  raqulraa  coosldarabla  a’^lnaar- 
lug  and  atattstleol  skill.  Ara  tbasa  wild  ohorr'- 
nttoM  part  of  a  stabla  underlying  dlatrlfautloa 
or  part  of  oaroral  underlying  dtntrlfautlooal  Did 
wa  know  bafora  tba  obcarratlon  that  It  wan  llkaly 
to  ba  wild.**  could  ua  racofnlta  oftarwarda 
raatacM  for  Ita  wUdoaBS  (asslgnahla  eosiMa),  ar 
could  ua  find  no  axplanatlon?  Tba  aBQlnaart'  aaad 
la,  of  course,  to  fled  an  undarlylng  pbyaleal  az> 
plcnatlon  raapooalbla  for  tba  aanplas  astraas 
darlattOB  froa  tba  nora.  Tba  anglnaar  bac  to  d»- 
taralia  If  thara  Is  aoough  atattatleal  otafaillty 
to  aaauaa  a  aodal  aaliia. 

As  Tba  foirth  oraa  la  essoeatnssd  with  tbs  aM  of 
prior  knouladga.  Eneloaara  Bala  daolnlona  cob. 
earslag  ooKponant  parts  oo  tba  baalc  of  prior 
taits,  prior  field  failure  Inforaatloa,  and  oby 
other  prior  Inforaatloa  they  eon  find.  Tbc  word 
*prlcr*  la  being  used  In  Its  fullast  anginMrliig 
aansa,  aeonli^  that  all  prcxlous  knowledge,  la> 
eluding  statlatleal  kjwwladgs,  It  being  eoployad. 
It  la  astraasly  daslrabls  that  seas  teanoubly 
rigorous  tacbnlquat  of  raploylng  thla  kitouladga 
tat  dsralopod.  nis  la  particularly  naoasaory  In 
tha  raoln  of  donooatratlnt  contraotuol  ooaplloiioo 
to  rallablllty  roqulrcaoets.  At  prasant  all  ua 
eon  offer  tha  cuatosMr  are  lengthy,  oxpanalTa 
teat  prograaa  tdilob.  If  they  do  daaonstrata  oosa. 
pliaooa,  Boy  do  ao  after  tha  naad  for  tba  etpUp. 
Beat  DO  longer  axlata. 

To  auswarlias  Tbs  four  araai  requiring  Isproaad 
undcratandlng  era  coocamad  with  anelnswri^  afft> 
olanoy,  eathoaetlcal  nodali,  abaenea  of  nodalo, 
and  tha  affaotlTs  oBs  of  (arlor  Bnglntarlng  kno^ 
ladja.  Judging  by  recant  aysporla,  prograaa  la 
bolng  Mda  iB  tha  daxalopcwnt  uf  aodalt,  tut  wa 
bars  a  long  way  to  go  before  otatlettoa  with  high 
eoglnaarlng  efflcloney  are  unlxaraolly  eaployod, 
or  data  la  taatad  for  stability,  or  wa  find  out 
bow  to  attllsa  prior  inforaatloo. 

a  Ball  syttaa  Toehnlonl  Journal  .  Vol.  ZtXII  .  H 
July  1953 

*■  Ulllloa  H.  Kruahel  -  *Sora  Resiark  on  Wild 
ObMrratlcos*  -  Tochnoacl'lc  Vol.  2  -  fl 
fotruary  19(iO 
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THE  USE  or  IBM  CAROS  TO  PKEOtCT.  COIfTROL.  AND  MEASURE 
RCUABIUTY  OF  A  MISSILE  ELECTRONICS  UfOT 


O^.  C.  r«  DoUa 
Cn:^iiicerin_  OtvialoA 

Aircraft  Corripawy 
Culver  Citf«  CaliforaM 


Summary 


Electronics  unit  parts  list  In/ormatioa  la 
punched  on  IBM  card*  at  the  tima  the  circuit 
it  dceijined.  Typical  informatioa  which  might 
be  included  In  this  detign  phase  listing  ate: 
deaign  schematic  circuit  symbol  oomber. 
nominal  value,  component  tolerance  for  aatia« 
factory  circuit  operation,  operating  stress, 
part  description,  transient  stress,  failure 
chart  number,  lower  limit  of  operating  tern, 
persture.  corn:  >necit  failure  rate  at  this  tem> 
peraturc,  upper  limit  of  operating  tempera* 
lure,  failure  rate  at  this  temperature,  and  a 
circuit  identification  number. 

Circuit  changes  can  be  incorporated  by  adding 
deleting  or  modifying  cards.  Therefore,  a 
current  reliability  assessment  cao  always  be 
made.  Mean>time-betwecn*failurcs  figures 
can  be  obtained  for  individual  circuits,  types 
of  components  or  for  the  entire  liniL. 

The  design  parts  list  and  reliability  iofor* 
mation  are  released  to  the  pioductising  sec* 
tion.  Here  various  circuits  are  combined 
and  pachaged  on  chassis,  A  t ransposition 
list  is  composed  equating  desiga  schematic 
circuit  symbol  numbers  to  chassis  circuit 
symbol  numbers.  This  list  enables  the  data 
processing  facility  (IBM  car  facilityl  to  gener* 
ate  a  chassia  parts  list  which  locludes  all  the 
original  design  and  reliability  information. 
Mean-time'bctweco>fallur«s  figures  cao  then 
be  obtained  for  each  chassis  and  for  the 
electronics  unit.  As  in  the  design  stsge. 
fsilure  rate  Isbulations  can  be  obtained  lor 
classes  of  componeols. 

Future  plans  include  (cither  oo  decks  of  IBM 
cards  or  oo  tape)  the  followiog  libraries: 
approved  parts,  approved  vendors,  snd  faiL 
urc  rate  inlormution  at  predetermined  de¬ 
rating  values.  Circuit  designers  will  then 
have  to  enter  on  the  card  punching  sheet 
only  the  following  information:  circuit  symbol 
numner,  nominal  value,  ioK'iace*  snd  stress. 

It  is  planned  to  coordinate  this  system  with 
a  factory  and  field  IBM  card  failure  reporting 
system. 

Introduction 

The  complexity  of  today* s  clcctromc  equipmeni 
encourages  the  use  of  s  machine  type  data 
handling  programs  for  the  recording  and 
transmission  of  information  connected  with 
the  equipment.  This  paper  describes  such  a 
program  which  was  irtstituted  primarily  to 


insurw  the  reliability  ^  •  missile  sloctroadcs 
unit.  Ths  paper  is  divided  into  tkrsw  parts. 
Part  one  diecueses  the  basic  IBM  card  date 
handling  system  for  predicting.  — rrti — "^sg_ 
snd  msasuring  reliablLlty.  Part  two  dis* 
cueecs  possible  extensions  oi  this  basic 
system.  Part  three  treala  la  a  qualitstivo 
manner  ths  criterion  to  dctc rmins  whether 
machine  type  data  handling  should  bs  sm- 
fdoye4. 

PART  PNC 

Predicting  and  controlling  reliability 

A  diagram  of  the  basic  IBM  card  data  baa* 
dJiog  system  is  shown  in  Figure  I. 

la  the  design  block  diagram  phase  a  rongh 
reliability  cstimaXe  can  be  made  based  an  tbs 
anticipated  number  ol  the  various  types  mi 
components  necessary  ta  perform  ths  m- 
iguircd  functions.  At  this  point  thers  la  mm 
application  for  machiss  type  data  handling. 
When  the  circuit  design  is  reasonahly  firm, 
detailed  component  reliability  informatisn  Is 
availatkle.  Tbs  informatioa  should  bs  re¬ 
corded  a:  this  time.  If  the  prototype  prpducl 
design  is  not  done  by  the  circuit  design  grostp 
this  information  should  be  transntitted  to  ths 
product  design  group.  This  is  tho  time  for 
choosing  a  data  handling  system.  It  was 
decided  for  this  project  to  record  coanpoasiA 
reliability  information  oo  IBM  cards. 

Although  the  Intent  was  to  insure  eloctrooics 
unit  reliability,  it  was  recogaimed  that  a 
practical  system  for  dblog  so  must  lacltsdo 
capabiLty  for  the  other  data  kandUag  re¬ 
quired.  Therefore,  it  was  decided  to  lacoi^ 
porate  the  componcul  parts  list  information 
aod  reliability  information  oo  ths  saaoo  IBM 
cards.  The  rrUabilily  information  woold 
then  become  an  Integral  part  of  the  deaign 
relesssw 

These  cards  would  constituto  the  **predlctson 
and  control  deck  tiumbsr  1'*  shown  in  Fibers 
1«  Figure  2  shows  the  sample  form  lhag 
the  circuit  design  engiaeer  would  prepare 
prior  to  having  the  dock  of  cards  psMchod. 


s  Information  can  be  placed  on  IBM  cards- 
IBM  cards  with  microfilm  inserts,  magnetic 
tape,  magnetic  cards,  etc. 
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One  Um  oa  form  io  usod  for  each  com* 
jkoneoC  (■chematic  circuit  aymbol  numb«r)«  Ob 
tUt  lino  IB  included  the  foUowing  inlormatioa: 
circuit  •ymbol  number.  iMmlnel  value,  toler¬ 
ance  required  for  aatiafxctory  circuit  oper- 
atioB«  component  predominant  operating  atrea% 
component  dcecriptloe^  tranaient  etreea. 
failure  rate  chart  mimbcr.  derating,  lower 
limit  of  operating  temperature,  failure  rate 
at  thie  temperature,  upper  limit  of  operating 
temperature,  failure  rate  at  thia  temperature, 
and  finally  the  code  group  deaignation  indi¬ 
cating  the  circuit  in  which  the  componcol  ia 
uaed.  Thia  Information  can  be  punched  oo 
one  IBM  card.  Figure  3  ahowa  oae  euch 
card.  If  additional  information  ia  to  be  re¬ 
corded.  more  than  or^c  card  would  be  re¬ 
quired  per  component. 

If  reliability  ia  to  be  aaaurcd.  it  la  eaaential 
that  the  type  of  Infcirmation  punched  on  theae 
carda  be  carried  along  through  the  deaign. 
production,  and  field  phaaea  of  a  product. 

Too  often  auch  important  reliability  infor¬ 
mation  aa  total  component  lolefance  required 
during  life  under  all  envi  ronmental  conditiona 
and  the  tranaient  atreaa  expected,  ia  paaaed 
along  only  implicitly  and  incompletely.  The 
deaign  engineer  recommenda  a  certain  type 
of  reaiator  of  capacitor  which  he  feela  ia 
auitable.  The  actual  information  may  ba  ia 
the  mifld  of  the  deaigner  or  in  a  file  of 
experimental  data.  The  deaigner#  reconv* 
mendatioA  aa  to  component  type  may  not  be 
foliomed  becauae  of  packaging  or  availability 
conaiderationa;  or  the  recommended  type, 
uaed  originally,  may  be  changed  in  aomo 
later  phaac.  Therefore,  if  the  original 
deaigo  reliability  ia  to  ba  maintained,  thia 
inlormatioa  mutt  be  recorded  and  irana- 
nutted  during  all  ph^sea. 

It  ia  i4«ceaaary  to  include  thia  detailed  relia¬ 
bility  information  in  the  deaign  releaae  to 
aaaure  chat  theae  aapecta  of  reliability  are 
not  neglected.  Machine  type  data  handling 
aucb  aa  the  IBM  card  ayatem  deacribed  here 
make  thia  practical. 

At  thia  atage  there  exiata  a  deck  of  IBM 
carda  (one  for  each  component)  for  a  par¬ 
ticular  circuit  (code  group  03),  Thia  deck 
can  generate  many  typea  of  liatinga,  A  page 
from  one  such  Uating.  a  parti  raleaaa  Hating, 
ia  ahoatTt  in  Figure  4.  Figure  3  to  7  ahow 
pagea  from  part#  releaae  liatinga  for  code 
group!  01,  02,  and  03.  Theae  liatinga  iiv 
elude  aucb  reliability  information  aa  compo¬ 
nent  airenaea,  recommended  derating,  and 
predicted  component  failure  ratea,  Thcaa 
four  code  groups  or  circuiCa  ware  packaged 
on  A  chaaaia  AO^.  Other  groupa  were  com¬ 
bined  to  make  up  other  chaaaii. 

A  listing  can  now  be  obtained  from  the  conr>- 
bined  decks  of  IBM  carda  for  code  groupa. 

0),  02.  03.  and  03  which  wiU  give  the  com¬ 


ponent  atreaaea,  recommended  derating,  and 
predicted  failure  rates  for  a|3  tbe  circuitry 
to  be  packaged  ob  chaaaia  AD.  Tbe  total 
failure  rate  for  this  combined  circuitry  waa 
23. 13  per  cent  per  thouaai»d  boera. 

After  a  chaaaia  achematic  had  been  drawn,  a 
tranaposition  list  waa  made  equating  develop¬ 
ment  schematic  circuit  symbols  to  chaaaia 
achematic  circuit  symbols.  By  mcana  of  this 
transposition  list,  the  data  haiMlling  section 
generated  a  tranapoaitlon  dc-ck  of  IBM  cards. 
From  this  deck  and  the  decks  of  the  four 
circuit  code  groupa  a  new  deck  was  punched 
for  chaaaia  AD.  All  the  original  component 
information  concerning  rcliaUUly:  tolerance, 
stress,  failure  rale.  etc.  was  in  thia  deck 
A  chaaaia  AO  parts  hating  waa  then  gef*..'rated. 
Figure  8  ahowa  one  page  from  thia  J'.aling. 
Since  no  part  type  changes  have  been  to  tliia 
point  the  predicted  chaaaia  AD  failure  rate 
was  of  course  23.  13  pet  cent  p'  r  thousand 
hours,  the  same  aa  the  total  of  the  failure 
rales  of  the  lour  circuit  coda  groups. 

The  chaaaia  was  then  designed.  The  deaign 
of  a  chassis  often  dictates  c)>aAgcs  in  aome 
part  typea  because  of  apace,  weight,  or 
availahility  conaiderationa.  Generally  afie^  the 
chaaaia  has  been  designed  all  part  types  are 
known.  At  thia  point  the  chaaaia  AD  parts 
list  was  modified.  In  aome  instances  part 
type  changes  were  made.  A  nwre  formal 
type  of  part  designation  waa  aubatituted  for 
the  development  phase  deac ription.  Where 
type  and  rating  changea  were  made,  the  fail¬ 
ure  rate  waa  changed.  The  IBM  deck  waa 
modified  accordingly.  Tbit  ia  **prediction  and 
control  deck  number  2**  in  Figure  1.  A  new 
parts  and  reliability  Hating  waa  generated 
from  this  deck.  Figure  9  sh^a  one  page 
from  thia  listing.  The  listing  can  be  furnished 
on  multilith  masters  or  vellums  by  the  data 
handling  facility.  The  velJuma  can  be  in¬ 
corporated  on  other  drawings  or  released 
separately  to  manufacturing.  U  is  also  possi¬ 
ble  to  releaae  a  dupLcatc  deck  of  IBM  carda. 

The  prototype  production  failure  rate  eatimate 
waa  compared  to  the  prediction  at  the  corr.- 
plelioa  of  the  circuit  design.  The  new  rhaaaia 
AD  failure  waa  23.33  per  cent  per  thousand 
hours. 

If  the  failure  rate  nad  been  significantly 
higher  than  the  circuit  daaiga  phase  failure 
rate  and  the  reliability  apeciflcationa  had  not 
been  met,  action  would  have  to  be  taken  at 
thia  early  stage. 


*  Since  numeric  designations  Had  been  used 
to  identify  the  circuit  code  groups,  it  waa 
necessary  to  use  letter  designations  (AD)  to 
identify  the  chaasla. 
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Thm  »ctloa  wvmXA  liav«  can«lvtc4  of  oitkcr 
portiAl  rodo«l^  of  tho  circuitry,  th*  choosio 
liycMt.  or  a  ooArcb  for  bettor  compoaouto  or 
poooiblp  ail  throe. 

**Prc^ctioo  mmd  control  4ock  nombor  2**  woulf 
bo  modifiod  aa  dictated  by  the  porformaaco  of 
the  prototype  productioa  cbaaalt  duriag  the 
toot  aad  evaluation  period.  Tliio  modified 
deck  would  bo  **prodictioo  aod  control  dock 
number  3**«  the  factory  producUoa  parta  liet 
and  reliability  deck,  Tiguro  1. 

Meaaured  RoliabjUtr 

Ao  abowB  in  Figure  1  there  ebould  be  aa 
**obeerved  failure  rate**  card  deck  aeaociatod 
with  each  **prcdictioo  aad  control**  deck.  Aa 
in  the  **prediction  and  control*'  deck,  there 
would  be  a  card  for  each  compoaoot.  The 
oboerved  or  meaaured  failure  rate  iaiormalioo 
for  a  component  would  be  punched  oo  one 
card.  Periodicadly  the  **predictioo  aad 
control*'  deck  would  be  compared  in  regard  to 
failure  rate  with  the  aeaociated  **obeervcd 
failure  rate**  deck.  The  compariooa  can  be 
made  on  the  baaia  of  wKat  ia  conaidered  a 
aigiulicant  diifarance.  TtUe  will  depend  oo 
the  confidence  in  the  eetimated  failure  ratco 
a.'.d  the  etatiatica  connected  with  the  obaerved 
failure  ratea. 

The  *'obaarved  failure  rate**  deck  caa  not  be 
generated  directly  from  failure  reporta.  There 
will  hare  to  be  an  Intercnediatc  "failure  report 
deck**.  The  "obaerved  failure  rate**  deck  will 
be  generated  by  eumiAg  the  component  oper« 
atiog  time  aad  failure  informatioe  in  Che 
**f allure  report  deck**. 

PART  TWO 

Thia  aectioa  deacrlbca  eaicnalona  of  the 
ayeUa^ 

‘Vhen  a  circuit  d^algn  sa  completed  and  aa 
IDJd  deck  haa  been  puncked,  other  IBM 
liatinga,  ia  addition  to  the  conveoUuaat  parta 
Hating,  might  be  requeated  auch  aa;  overfall 
liating  by  component  type  writh  a  aununation 
of  fallore  ratea  for  each  type  or  Hating  by 
derating  to  indicato  which  compooenU  are 
not  adequately  deraSed.  Tbeac  aame  liatinga 
would  be  uaefttl  when  the  fi  lal  prototype 
chaaeia  parta  liet  ia  <m  IBa.:  carda.  In 
additioau  a  liabng  by  eimilar  parta  can  be 
obtained  for  toe  purebaaing  acetion. 

Sufficient  information  ia  stored  and  avallabla 
for  the  reliability  aectioa  to  aaaeaa  reliability, 
locate  danger  arena*  and  make  recommenda> 
Ucmr  for  improvLng  relinhility.  Tba  loUowiag 
lietingt  are  typical  of  what  might  ba  aaeful 
for  thia  application:  1.  Prvelopment,  proto> 
typa  production,  and  field  phaaa  Uating  by 
failure;  indicating:  component  failing,  atraas, 
derating,  running  time,  turn  on  and  turn  off 


cyclaa,  and  type  of  failure,  2,  Acciimnlatad 
fMlurea  va.  turn  on  and  Curm  otf  cyclaa  fall 
phaaea)  .  4.  Acctunulated  lallnrea  va.  type 
of  failure  (all  phaaeal.  5w  Failure  va. 
particular  field  alte  and  ad  iafiaitum  ee 
neceaaary  to  corralata  failure*  with  the 
cauaee. 

The  memory  facility  of  a  coaiipeter  could  he 
uUUaad  to  atora  tha  following  informatioac 
approved  parta.  approved  vendore,  and  part 
failure  ratea  va.  atrcaa  and  environmeat. 

Tha  circuit  daaignar  would  tlioa  have  to  eater 
on  tha  card  punching  aheat  ouly  the  following 
ialormatlon:  Circuit  aymbol  aomber,  nominal 
value,  permiaalbla  tolerance.  aCraaa.  and 
operating  temperature.  Thia  would  elimixkato 
a  tedioua  and  time  coaaunning  phaaa  for  the 
circuit  daaign  engineer  and  aleo  reduce  errore. 

PART  THREE 

The  data  Kardling  deacribed  ia  thia  paper  waa 
done  at  an  EAM  (Electric  Accounting  htachiaa) 
facility.  The  procedure  waa  aa  foUowa:  tha 
circuit  dcaign  engineer  Uated  t2>e  componeng 
information  on  a  punching  ahacl.  The  punch¬ 
ing  ahect  went  through  a  control  group  in  the. 
circuit  design  section  to  tha  hey  punch  oper¬ 
ator.  The  operator  punched  an  IBM  card  for 
each  component.  A  second  operator  verified 
the  punched  card.  Whea  all  the  carda  for  a 
particular  circuit  group  were  punched  and 
verified  the  deck  waa  placed  in  a  sorter  which 
arranged  the  cards  ia  the  desired  acqucnca. 
InitialJy,  tha  cards  were  ordered  by  eomponeag 
type  and  then  the  group#  of  cootponente  worn 
arranged  numerically.  This  waa  the  cow* 
venliooal  part#  list  format.  The  deck  of 
carda  was  then  placed  ia  the  printer-tabulator 
which  printed  a  Uating  of  the  componenta  aad 
totaled  the  failure  ratea.  A  Uating  caa  ha 
made  on  vellum.  muUUith  master,  or  paper. 

U  thia  initial  Uating  la  the  only  one  roqoirad 
and  if  the  circuit  designer  H-Zm  the  componasd 
In  the  desired  order,  it  would  be  cheaper  end 
more  efficient  to  employ  a  typset  to  generate 
the  pari  dcecrlption  and  reliabiUty  liata 
rather  than  to  use  the  EAM  facility.  If 
different  type  UsUnga  and/or  if  frequent  up 
clatiog  are  required  the  IBM  card  system 
should  be  used.  The  IBM  card  aysttm  ie 
quite  flexible  and,  therefore .  lanida  itself  W 
many  uses,  some  of  which  are  unanticipated 
at  the  inception  of  a  prograroL 

The  neat  phase  was  the  graerjtfiwa  of  lha 
prototype  production  parts  lisle.  This  waa 
the  phase  where  the  parta  liata  for  several 
circuit  groups  were  combined  lo  make  up  a 
chassis  parts  list,  Thia  waa  dWma  with  the 
aid  of  a  trana}H»Bitioa  list  of  development 
schematic  circuit  symbols  to  chaaala  circuit 
symbols.  The  data  proceaaing  laclUty  punch¬ 
ed  a  tranapoaition  deck,  one  card  for  each 
circuit  symbol,  and  then  used  the  developmeid 
circuit  decka  to  automatically  p* the  carda 
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Cot  ckft««is  pftrU  Uot  dock.  Tko  c»4i 
were  tkea  mockiac  ordered  aa4  %  Tooele 
port  lletiaf  was  prlntod.  Thla  Uatiog  li^ 
eluded  all  the  etreaa.  deratiii^.  and  CeDere 
rale  LnCormattoii  t’tcluded  la  the  derdepaaei^ 
liattage.  The  ganerattoa  e  chaerfe  perta 
lift  Irom  the  derelopment  circuit  parha  Hat 
hf  meaae  of  a  traaapoaitioa  Hat  ie  a  daAaUe 
appUcaHoa  for  the  £Ald  facility;. 

The  more  elaborate  echemee  deserChai  fa 
part  two  auch  aa  the  autoreaHc  *'table  leek 
up"  of  approved  parta.  appro-yed  vaedeee, 
aad  failure  rate  ra.  temperatara  'aoeld  ro» 
quira  aa  £DPhl  (Qectronlc  Data  Procooalag 
hlachiae)  eyetezn.  la  order  to  Juatify  each 
a  prograxQ,  there  muat  b^  a  gcaeral  eppli 
catioB  io  many  areaa  of  a  large  company. 
iUtamately  auch  a  ayatam  might  aareice 
many  compaalaa. 


CONCLUSlOW 

Aa  IBM  card  data  handling  ayatem  han  bean 
deacribed  by  maana  of  which  one  can  predict* 
control  aad  meaaure  the  reliability  «d  aa 
elcctronica  unit.  It  would  be  Imprectfcal  if 
not  Lcnpoaaihle  to  implement  euch  a  program 
without  using  machine  type  data  handteg. 
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SYSITM  IMPROVEMEHT  THKOUCH 
FAILURE  EFFECT  AND  A  RELIABILITY  MODEL 


Ccorte  E.  Unruh 
ParanounC  ElecCronlct,  Inc. 
lllckivlUe,  L.I.,  N.Y. 


Sunmarv.  The  principle*  of  nature  <le* 
rived  froa  the  perennial  philosophy  are 
useJ  Co  flevelop  a  reliability  pro^raic  In 
which  the  (uln  feature*  are  a  failure 
effect  analyst*  and  a  reliability  model. 

Introduction 

In  a  previous  p.iper  we  discussed 
the  distinction  of  the  four  causes  of 
arclflral  things. In  this  paper  ue 
shall  discuss  toe  deve iopt,4.-nt  of  some 
aspects  of  a  reliability  protjraoi,  begin¬ 
ning  wltn  the  principles  previously 
discussed. 

Functional  Analysis  of  System, 

The  floa'  cause  of  things  Is  said 
to  be  the  cause  of  causes.'^'  Iti  artl- 
flcdl  things  this  Is  easy  to  see,  since 
the  purpose  of  a  machine  wilt  cause  Its 
design  to  be  such  and  such  -  and  the 
■aterlal  to  be  of  a  certain  kind.  Even 
the  methods  of  manufacture  will  bo  fash¬ 
ioned  according  to  the  purpose. of  the 
Buchlne.  Thus  the  fln,il  cause  gives  the 
character  ta  all  aspects  of  the  .irtl- 
flcal  things. 

Accordingly  we  must  begin  uur  analy¬ 
sis  of  a  system  by  a  study  of  the  purpose 
of  the  system.  An  example  of  this  type 
of  .malysis  is  sketched  here  In  figure  I, 
as  taken  from  a  surveillance  system. 

This  type  of  analysis  Is  always  under¬ 
taken  In  designing  a  system.  It  should 
also  be  done  In  preparing  a  reliability 
program. 

It  Is  possible,  after  preparing  the 
division  of  the  systtm  into  functional 
parts,  to  assign  complexity  figures  .ind 
to  apportion  the  conplexlties  among  the 
divisions.  However  the  procedure  Is 
matliematlcdl  and  should  be  coii-ldeied 
after  a  physical  examination. 

Failure  Effect  Analysis. 

Slnci  ue  h.ivc  bcjun  by  cn  examina¬ 
tion  Ilf  the  end  purpose,  we  should  con¬ 
tinue  to  fomul.Tin  our  program  along 
these  litus  and  prepare  a  more  detailed 


•  onalderaclon  of  the  system  parts  which 
util,  by  failing,  contribute  to  system 
failure  -  that  Is  failure  of  the  system, 
to  occc.  ,  llsh  Its  end  purpose. 

Some  nave  rocomricnded  that  this 
consideration  be  merely  the  prepaiat'.on 
of  a  list  of  critical  parts,  leading  to 
a  review  of  the  parts  themselves.  How¬ 
ever  this  procedure  omits  a  considera¬ 
tion  of  '.he  system  design  as  ordered  to 
successful  accomplishment  of  purpose. 

A  procedure  which  considers  the  purpose 
of  the  system  and  which  arranges  the 
parts  In  causal  relatlonsnlp ,  showing 
the  degrees  of  criticality  Is  a  failure 
effect  analysis. 

Analysts  Procedure. 

A  failure  effect  cnalysls  of  every 
eltcuU  or  functional  part  of  the  system 
nanilng  type  of  part  failure,  the  proxi¬ 
mate  effect  and  the  remote  effect  of  the 
failure  in  the  operation  of  Che  system 
will  disclose  ways  to  improve  the  system 
by  part  Improvcmc’nt .  -.  ,dundancy  or  re¬ 
design, 

A  sample  of  this  failure  effect 
an.slysls,  taken  from  a  radar  system  is 
shown  In  figure  2. 

The  type  of  failures  chosen  for 
consideration  should  be: 

(1)  The  distortion  of  the  output  signal 
of  Che  circuit  and; 

(2)  The  change  In  value  of  parameters  in 
the  circuit. 

Tile  degree  uf  decal)  of  this  analysis 
and  the  extent  to  which  this  Is  carried 
depend  on  the  purpose  of  the  system. 

The  type  of  failure  effect  analysis  des¬ 
cribed  here  was  chosen  because  the  end 
function  of  the  systen  considered  Is 
rather  simple,  being  radar  transmission 
and  display  of  the  rodar  picture. 

Benefits  of  Failure  Effect  Analysis. 

The  benefits  of  a  failure  effect 
analysis  ore  as  follows: 

(l)  Selection  of  critical  and  non-crltl- 
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cal  circuits. 

(2) .  Increased  kauMlcdge  of  sysCca  dee- 
l^n  nuking  possible  recoiMsendatloni  for 
redundancy,  sUrllf circuit 
Ic^roveiaent. 

(3)  Preparation  of  an  laproved  oislnleo- 
ance  prograa  and  technician  training 
course. 

The  failure  e  feet  analysis  will 
iremedlately  dlaclase  vdilch  circuits  are 
necessary  to  spsteM  operation.  Of  course 
decisions  will  have  to  be  nsde  evaluating 
the  Importance  of  various  system  funct¬ 
ions  and  subordinating  soiue  functions  to 
others  In  the  llffiC  of  the  ecconpllsh- 
ment  of  the  rinal  purpose  of  the  system. 
This  le  a  valuable  by-product  of  this 
method  of  anslysis.  and  useful  to  system 
engineering  groope. 

The  circuits  whose  failure  will 
cause  system  fallnrc  as  regards  attain¬ 
ment  of  the  operational  purposes  of  the 
system  must  by  called  critical. 

This  Is  the  proper  use  of  the  word 
"critical"  In  reliability  studies,  since 
the  "criteria"  for  Judging  a  system  or 
Its  parts  Is  satisfactory  operation  and 
attainment  of  gemls  In  the  field. 

The  RellaMlltT  Model. 

Thus  far  w»  bmve  described  studies 
of  the  system  as  regards  physical  effects 
signals,  circuit  failures,  etc.  It  Is 
necessary  also  to  consider  the  msthimat- 
ical  relations  of  probability  and  to 
BUike  a  schematic  showing  the  probabilit¬ 
ies  of  failure  shlrh  act  in  aeries  and 
those  which  are  la  parallel,  or  redund¬ 
ant.  Such  a  schematic  may  be  called  a 
Reliability  Model,  or  better  a  Prob¬ 
ability  Model.  A  rrobablllly  Model  of 
the  entire  system  am  well  as  Inportant 


parts  of  the  system  should  be  mad*. 

In  a  Probability  Model  the  rela¬ 
tion  between  failure  rates  In  a  system 
are  shown  schematically.  Failure  rates 
of  con^onenis  whose  functions  are 
causally  related  are  usually  added.  A 
Multivibrator  produces  a  waveform  which 
is  used  by  a  differentiator  to  produce 
two  triggers,  one  of  which  Is  used  by  e 
transmitter  to  turn  the  trsnsmlttcd 
pulse  on.  This  causellty  becomes  a  sort 
of  alternating  final  and  efficient  cau- 
aallty. 

fortes  and  Parallel  Probabilities. 

These  (allure  rates  should  be  sche¬ 
matically  represented  as  being  in  series, 
as  resistors  are  In  series  In  a  r>etuoTk. 
As  the  total  resistance  Is  the  sum  of 
the  resistances  In  series,  so  the  total 
failure  rate  Is  the  sum  of  the  Individ¬ 
ual  failure  rates.  Thus  the  analogy, 
which  Is  one  of  proportionality. 

For  two  components  causally  related 
In  the  way  luentloned,  with  rellabllltlca 
Rj  snd  R2,  the  resultant  reliability  R 
!•; 

R  -  Rl •  R2 

If  fj^  and  f2  ate  tlia  failure  rates 

R  -  R1.R2  -  e-flt  e-fat-.'di+fjjt 

Thus  the  resultant  failure  raic  la: 
f  -  fl  +  fj 

The  failure  rates  of  componenta 
which  are  redundant  or  whose  functions 
arc  Bcheoatlcelly  represented  as  being 
In  parallel.  The  failure  rates  of  re¬ 
dundant  components  Is  determined  by 


•  • 


•  • 


;•  • 


f  • 


•  • 


>  f 


•  • 


con(t<feri=«  the  unreliability  or  prob¬ 
ability  of  faltere  of  the  coablnaclaaa.2 


Q  -  -  (1  -  »l>  ■  *2> 


and  the  aeae  tlae  between  failures  la: 


_1 _ 

fl  +  {2 


It  the  failure  rates  are  equal 

M--3-’  _L- 

2  «i 


-Lfi 

3 


For  three  coefxxtenli  In  Che  equal  fail¬ 
ure  rates  la  parallel^ 

R-  1-Qi-<12-Qj  *  Ml  -  l-(l-Ri)^ 


I 

^1 


1 

2f. 


♦  I 


each  of  the  oacillator  scsrcs  at 
this  ■ultlplcaer  are  mmed  off  hy  a 
double  switch,  chat  le  by  a  diode  grtm 
and  a  gated  aapllpler,  both  of  which 
were  arranged  so  that  the  probability  of 
falling  iu  tha  on  position  waa  grsatcr 
than  falling  In  the  off  position.  Tbs 
rsllablllty  oodcl  iaaedtately  showad 
that  tha  probability  of  an  oacillator 
regaining  on  was  dangerously  high. 
Accordingly  It  was  recooDended  to  the 
engineering  ilesign  acctlon  that  the  bias 
voltage  be  set  to  fall  aafe  In  the  "off 
condition,  so  that  the  probability  of 
falling  off  would  be  higher  than  tha 
probability  of  falling  on.  The  ralle- 
blllty  of  the  syiccB.  an  Inportant  link 
In  the  defense  nccworlc  was  Increased  not¬ 
ably  by  thla  cooparatlvcly  alogilc  loqirov- 
enent.  The  reliability  nodel  now  ahowed, 
after  the  toprovenenc,  that  the  prob- 
abllltlea  of  failure  of  the  awlcchcs 
were  In  parallel  for  the  on  position, 
but  in  scries  for  the  off  position. 

Erasole  fro«a  Sealed  Holt, 


For  four  coa^ooentt, 

R  -  I  -  (I  -  Rj)* 

X  -JL-.  JL  *  I  *  I 

fi  2fi  irp  <,£j 

for  n  coBpooents. 

R  -  I-d-Rj)® 

H  r_l_  ♦  1  1  - »  1 

*1  2f£  3li  nfj, 

The  fomntlon  of  a  reliability 
model,  or  a  probability  model  is  accoap- 
llshed  by  loalgbl  Into  the  syaten  Itself 
and  Vinowlcdgc  of  the  relation  and  Inter¬ 
dependence  of  functions. 

Any  lack  of  such  understanding  Is 
Insnedlately  reflected  la  an  Inadequate 
or  untrue  nodel. 

Eratnple  Fron  Multlolea  Svsten. 

An  erjnple  of  the  usefulness  of 
this  Bodel  Is  taken  from  the  case  history 
ot  a  isulclplea  syates.  In  this  syaten 
‘x*  different  frequencies,  arc  aclectcd 
at  randon,  to  oake  possible  'xy*  possible 
sun  frequencies  occurring  at  randon.  It 
Is  essential  to  the  operation  of  the 
system  that  no  one  frequency  be  trans¬ 
mitted  longer  than  a  certain  very  short 
tint. 


Another  cnaniwi  pcoblea  that  nay  bs 
solved  using  the  reliability  skodcl  is 
finding  the  nuhbct  of  units  required  for 
a  sealed  syscen  In  which  no  ccplacenents 
can  bs  nsde.  A  package  of  power  dlodaa 
la  required  for  a  power  supply.  Ths 
probabilities  of  failure  are  lo  parallel. 
A  given  number  are  required  for  success¬ 
ful  operation.  How  aucay  mors  sts  re¬ 
quired  to  give  the  probability  Rg  that 
the  package  will  not  have  to  be  replaced 
for  the  life  of  tbe;  equipment.  To  solve 
this  problea  ws  use  the  binomial  expsa- 

(R-HJ)"  -  Q*- 

+-  -  -  -  V  -  1 

R°  Is  the  probability  that  nons  of  the 
unite  will  fall. 

ji"  hj  Is  the  prohahtllty  one  of  tha 
unite  will  fall,  etc. 

Knowing  the  failure  rate  of  each  of  to* 
several  units,  the  nlotaua  number  of 
unite  required  for  successful  operation 
even  for  the  brlcfen  tlM,  and  the  re¬ 
quired  overall  reliability  of  the  system. 
It  Is  possible  to  calculate  the  nuoiber  o£ 
additional  units,  beyond  the  ainlnun,  to 
bs  built  Into  the  sealed  systen. 

By  using  s  failure  effect  analysts 
to  discover  crltlcol  parts  and  circuits 
and  the  fornatloa  of  a  reliability  siodel, 
the  project  engineer  and  his  aides  can 
Judiciously  select  tbe  circuits  to  which 


redundancy  i»ajr  be  moat  profitably  eppl- 
led.  The  uae  of  dlatraeu  and  acheauClca 
«lll  uake  tlie  project  eaalcr  and  attalm 
prove  the  adaye:  ’'A  picture  le  worth  a 
thousand  words". 

Cone lualoQ 

Thus  we  have  ^Iven  an  rxei^lc  of 
reasoning  from  an  abstract  understand¬ 
ing  of  the  principles  of  the  nature  of 
an  artificial  product  to  the  developoent 
of  a  progran  for  Improving  the  reliabil¬ 
ity  of  the  product. 
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mitOHMMTlC  AffIMM 

|L»m14 

AMtiCAtt  tl«CtrO«lt<  LAWrAtAflA 
C«l»Ar#  PMMylvMliA 


IWTW>PUCtlO« 

tn  cofttl4«rla4  tWt  •fflcl«»t  trMtsltttM 
AA4  MCApliOtt  o(  Alxtr— ApmlC  «Mrtf  lA  tM 
ttf  «n4  VHP  rAnscA  of  Um  ApACtrtAi,  It 

hAe  bA«e  4An«rAllp  Mcapt«4  t*>Al  rttoitAat  of  oAAf 
r««OUAOt  AOlAfVnAA  ^  OOAd.  lA  if  AbvlOUA  tItAC  tbo 
corrtipoodlni  aIao  wolfht  o(  aoch  doal^AA  Ato 
ooc  coopAtlblt  olUi  iho  ooroAl  •IlltAf^  ro^ulro* 
•«atA  of  uoblltty  m4  porCAbiiltp* 

Tho  \iAUA1  AltACOAtlVA  lA  thA  UAA  o(  aIaC' 
tricAlly  Abort  AtroctviAA  4aAi$nA4  to  ^flc* 
•AchAnlcAlljr,  but  wllb  oucb  to  bA  dAAlrod  froo  a 
TAdUclnA  or  tacaIvLa^  AfficlAncy  polot  of  vIao. 
Ctdclonc^i  lo  $A«kAr«ly  !•  rolAtAd  to  thA  tAtlo 
of  rAdiAtiOn  rOAlAtOOCA  to  IoAA  tOOlAtAOCA 
ft  /t  .)•  lAthol^UOA  of  rtduclAg  IoAA  rAAlotAOCA 
h.U  <«..  roportod  pr«otouAl|'*  ^  «ad  ata  Ia 
(totrAl  chArACCArl««4  hy  coaplAA  ground  AyAtooAc 
hl|b  Q  CAACclvA  conlrs  conponootA,  And  uaa  of 
highly  ccnductluA  noLolltc  lAdlAtifig  AlonontA. 

A  noro  fACAot  lotAroot^*  ^  Ma  boon  dlfAttod 
tovAtd  •Athoda  of  Lncrtoaing  tho  radlotloo  ri* 
alitancA  conpoocnt  by  diolActrLt  Aod/oc  nagnattc 
lOAdlog  of  thA  COdltAtlJIg  AlAMAtfa)  tbO 

auhjtct  of  thU  I  op  or » 


AntanivAa  «ab*ddAd  in  a  dlalaecflc  or  fArro* 
•agAAClo  m%6ism  ktoo  bOAn  InuAitlgatAd  by  HanMa^ 
AAd  Polk^.  Tholr  prtnclpAt  Ata  1a  uttUilng  A 
••dl^  OChAt  thOA  Air  ««AA  thA  tffACtiVA  InCtAAAA 
1a  AlACtrltal  dtlMAAtOA  of  ChA  fAdlAtOr  tod  tbA 
AccoapAnylng  trAAAfooAAtioA  of  tha  aatIaa  radlA* 
cloA  rAAlatabOA.  •  h«A  tApofiAd  iHoc  IM 

AAgnltudA  of  thA  roalAtAACA  trAntfonMtlon  1a 
dlractly  proportioMl  to  thA  Intrlnalc  lopAdAOtA 
of  thA  Aurrowdlmg  %»41ua*  HIa  AxpArlaAOtol  vorh 
tooflraA  thla  theory  t«  the  AXtAot  (hot  ApfAroAt 
iQCrOAAAA  In  AOtAAM  rOAlAtAaCA  of  y>  to  40:1 
va?A  ootAd  vhro  a  bl<o«lC4l  ontAnoA  vaa  iMirAAd 
1a  a  AphtrlcAl  Cerrito  nAdi^  of  dleaAtAr  eguil 
to  the  total  Antoana  length  (figure  !)•  Xt  Is 
ImporCAot  te  aote,  bawAuAf^  that  the  gCAAtar  pA^^ 
of  (he  intranae  la  eatOBOA  raAlAtAact  vaa  actrlb* 
utfd  CO  the  loAA  rAelAtoacA  of  tha  ferrite 
AAtarlAl  vltb  only  a  maII,  reUtively  leatgnlC- 
ItAAt  lasrAAAA  la  radietlee  reAlfteace* 

folk  hAA  oaaeldArfd  the  caae  vhera  the 

radlAtlng  elertemt  !•  phyalcAlly  ''ahorf,  but 
clfccrlcally  **ioo4(*  with  raApasc  to  the  vava* 
length  of  the  turrowhdlng  iMdlra*  Hta  caIcvIa* 
tloQA  IndUaiA  that  the  flrat  raaononceA  radiatioa 
raaletencA  la  aeaeattAlly  e^ual  to  that  of  ae  oir 
aotenna  of  cha  aoae  length,  vith  aoaa  aaell  uarlo- 
tlon  to  ba  Axpacted  ««  a  function  of  tba  ralatlee 
pameAhUlty  end  peimlctlvlty  of  tho  aadlMa. 

Aflrat  raionance  te  defined  aa  the  flrat  frequency 
at  vhlch  the  reoctooce  goaa  to  aero  vhen  aovtng 
froa  w  •  0— ► 
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r«trtt«  ' 

Srkar* 
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rit«ra  I 

•  Icontcal  4at«n4  laaMtM^  !•  •  farrlt*  *rk«ra 


CUUMirif  UQMt 

Llfkla  k4»  ctea«a  te  ceeelder  tbe  probtea  .« 
llphc  el  the  conttlbwtlee  el  the  MKnetliebtt 
Mtetltl  te  lb*  redletlat  cutreat  Maeat  el  tba 
aiMll  altettle  antetma. 

Tba  (afdeW  aMpUtulit  piadaca^  bp  sa 
alactclcallp  muII  anttiua  era  preparctobbl  t* 

Ita  cuitaat  •oatat,  ««lUt4  for  aa  atactria 
antanna  aa  tba  yal\jM  lAtt|ral  af  Itt  afCactlaa 
aan4>ittlaa-<uittBt  iemelty, 

Tba  afiactlva  cawbactloo  ewtraat  baaaltp 
canatata  el  ibiaa  pattit  piaaa  bp  tba  aaptatalaai: 

J  ♦  .vtl  H  ♦  i  ^ 

vbara  j  •  the  vactat  4asaltp  a(  curfaat  la 
ca«ducilBC  ba4lta 

N  •  tba  vactat  aapaatlc  WMat  pat 

unit  voluM  la  aa^aatlc  bedlaa 

P  tba  vactat  palcilaatlaa  la  41alac> 
ttlu  badlaa 

Curl  n  9a  a  fl::tltloua  caaductlaa-cutraat 
4analtp  attributable  ta  tba  ptaBaaca  of  aagaatlc 
bodlaa.  Tbat  It)  1(  all  aapnatlc  paita  watt 
tw>va4  (na  tba  antaaoa,  the  caaductlea-euTraat 
danallp  dlatiUutlon,  curl  M,  If  aupplled  bp 
aatarrat  ■aani,  vauld  aalatala  uoctautad  tba 
alacticaacDatU  (laid  aalittn(  avacpvbera  autalda 
ol  tba  (Omar  locatlana  a(  tba  ac4aatlc  parta* 
Slallarlp  tba  "ara,  l/t  •  df/ftt,  at  daailtp  of 
palarluttan  cutreot,  la  a  (Ictlttaua  canduciioa- 
Cuttrnt  daaaltp  attributable  to  tba  praaaacc  of 
all  tba  dlalactrlc  parta  o(  tba  aotaaaa. 

The  a((tcc  el  walai  aagnatlaabla  aatatlal  la 


I 


•a  alMtrlc  aacaana  aay  Va  aaalra«4  ky  cnayiitU# 
tba  «al\Ba  lacaftal  of  curl  H;  thua,  tiM  ■•tMCtc 
oaatrlkuttoa  ta  curraat  aaaaat  la 

K  -  j'aurl  H  ta  4,  4.. 

Thla  latairactea  eaa  ka  aaracata4  lata  c«a 
atapa.  Tka  flrat  la  aa  araa  tnCaaratlca  evar  a 
alloa  takaa  chTou(k  tha  autaaaa,  an4  cIm  aacaa4 
ta  aa  tataaratioa  parloraal  aa  Cka  atlca  la  dU'^ 
placad  laratlal  ta  Itaalf  thrauck  tka  aatlra 
laaftk  at  tha  aatanna.  Thua: 

Lat  r  •  ^curl  H  ta  4y. 

lhaa  K  -  J  r  4a. 

late,  a,  y,  and  a  ara  ortba|onal  eartaalaa  toot- 
dtnataa  orlantad  auck  that  tka  allcaa  takaa 
thcaush  tha  antaona  11a  la  plasaa  a(  caaataat  a. 
Tha  araaa  evar  uhlcb  P  la  dadaad  aay  ka  takaa  t« 
aataad  bayoed  tha  boundary  of  tha  antaaoa  by  any 
daflnlta  aaount  but  Mt  aa  far  aa  ta  anclaaa  tha 
racatrlaf  aatenaa.  Caaaldar  tha  a  caapoaaat  a(  Pi 

P,  •  J  (ourl  H)^  ta  dy. 

ly  Stoka'a  thaoraa,  thla  area  latagral  caa 
ka  raducad  ta  a  tlaa  letagral  aroiaid  a  oaecaur  C 
which  bouBta  tka  araa  ot  Latairatlaai 

’■  -X "  ■  “ 

•uchaaaclcal  ra^ulraa^nca  of  cantlauliy  da  aat 
kaaieally  raatrlct  tha  validity  of  tha  raductlaa 
of  P,  tbua  acceoiptlahad.  Dua  ta  tha  choice  af 
tha  araa  tor  latatcaclaa,  tha  kaundla|  contour  C 
wilt  tta  anilraly  outalda  of  tka  antaeaat  la  itom 
apaea.  Aloeg  tha  contour  C  thara  will  coi.aa> 
Tuascly  ka  no  alactrlc  or  aatnactc  yelarltatloaa 
to  cooaldar,  and  la  particular  M  •  0  aa  C.  Thua 
Pg  •  0,  Identically.  Thla  In  cum  raautraa  that 
T-  •  0.  llallar  argtaenta  abow  that  K,  oad 
alao  vaotah.  Thla  coaplataly  gaearal  raault  can 
ka  atatad  aa  folloaas 

la  prlaclpia,  tha  utlllaacloa  of  dlalae* 
trie  or  aacnatlc  aatarlala  aaclaalaf  an  alactrlc 
dlpola  cannot  contrlbuta  to  tho  radiating  currant 
•onoet  af  tha  aatonna. 

In  anticipation  of  tha  guaitloe  aa  ta  what 
tha  praaanca  of  nagnatlaabla  waCarlal  caa  accoa* 
pllak  at  all,  It  con  ka  atatad  chat  tho  prataeca 
of  auch  aatarlal  eaa  profoundly  affect  tha  tar> 
aloal  tapadanca  ot  a  aauill  alactrlc  aiitaana. 

TMa  changa,  hovavar,  la  for  tha  aoic  part  ra* 
active;  any  elgnlftcanc  change  la  raal  part  con 
ha  attrlbutad  to  loeaaa  In  tha  ougnatlc  aatarlal^ 
with  axcapclou  to  the  oaall  Incraata  la  radlatloa 
raaletanca  raaultlng  froa  a  ebaaga  la  curraat 
dlacrlbucloe,  aa  axplainad  la  a  later  aactlon. 

A  prlao  aaaapla  la  an  aataaaa  la  which 
Inductive  loading  provided  by  tha  aagaotlc  na> 
tarlal  tunaa  out  all  or  a  aubataotlal  part  of 
tha  eapaclclva  raactanca  which  tha  antanna  nor* 
aally  pmannta  to  tha  toad  or  to  tba  driving 
oowrea.  A  f arroaagnatle  aataaaa  which  haa  cam 


raaitaaaca  at  a  glwon  fraguoacy  by  vlrtua  of  the 
laductlvo  affact  at  tha  oognatlc  aatarlal  It 
coatalaa  any  ka  aald  ta  ka  aalt>raaoaant  at  chat 
fraguoacy.  If  tha  fraguaaclaa  at  aalt-raoooaaca 
ara  eoattallad  ky  oacucatlaa  af  tha  aagaotlc 
aotcrlal,  tha  fariawagfiitlc  aataaaa  oay  ka  aald 
ca  ka  **aalC-taaakl^. 

ta  addlclaa  ta  pmdaclog  aalf-raaoaaaca  ta 
a  oaall  alactrlc  aataaai  at  fraguaaclaa  auch 
lawar  thaa  wnold  ka  yaaalkta  la  air,  tha  proa* 
onea  af  oogaatlaahla  aatarlal  oMrclita  a  aaalt 
dagraa  af  eoatral  aoar  tha  radlatloa  raalacaaca 
ky  vlrtua  af  Ita  affact  on  tkc  oataona  curraat 
dlatrlkatlaa  aa  tka  radiating  eoaduccora. 

for  aaatapU,  a  aaatl  aattoon  wklch  would 
have  a  llaaarly  taparad  curraat  dlttributloa  la 
air  will,  wkoa  aada  aalf-raaanaat  by  tha  uia  af 
•agnatic  •atarlal,  have  a  alaucoltal  or  aoar 
atauaeltal  cucraat  dlacrlbucloa  whoii  aiooclatod 
radlatloa  raalctaara  nay  approach  four  tlaaa  that 
aaaaclaCad  with  tha  llaaar  curraat  dlatrlhutlca. 

Thla  la  aora  readily  tottaiacood  by  oaaaldaT- 
lag  tha  affact  at  corrant  dlatrlhutloa  oa  radio* 
tlaa  raalacaaca. 

Oaac  1  •  llaaar  Carroat  Dlatrlhutloa 
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Plgura  I 

Curraat  Dlacrtkwtlaa  oa  a  Stpolo  AatawM  ot 
LoogU  3a  <t  (Nadlvi  •  Air) 


Is  tkla  COM,  tka  curraoc  dtecrlkucloa  will 
ka  alatott  llaaar,  taparlag  to  aaro  at  tba  aataaaa 
oota.  It  tbs  aataaaa  taralaal  currant  la  lo>  tka 
current  aoaaaat  (araa  uadar  tba  curve)  ef  tha 
oataaea  which  datacalaat  tha  waaful  radiated 
power  will  bava  tha  ralua  alg.  Tha  radlatloa 
raalacaaca  will  aaauaa  a  walua  proportlooal  to 
tha  aguaro  of  tho  curraat  •want,  on 


Coao  11  -  Slauaoldal  Cucraat  Dlatrlhutloa 

Tka  olouaottal  diatrlbuclnn,  glvaa  to  aalat 
oa  otructaroi  af  rooooaat  laogtk  producoo  a 
cwrraat  oaaoat  glean  ky: 

r** 

Curraat  Howint  •  J  tlai  di  >  21^ 


X 


Curraat  Di>ttlk«tt«a  a*  •  Dlpal*  tecaaM  •( 

- j -  -U«k^^ 

(NaMo  -  rardta) 

TtM  lacraaaa  ta  taaraat  MMat  la  Caaa  11 
aaat  Caaa  1  la  tkaa. 


Thta  corcaafoala  ta  aa  lacnaaa  la  rallatlaa 
raalitaaca,  or  atafal  ta4Uta4  yoaac  at 


Ct»a  111  •  CooitaaC  Carnac  Dlalxibutiaa 


f 


rtgara  4 

Curraat  PlatrlkMtaa  aa  Nay  >ayaat  aa  a 

■aavtly  IM  Iaa4e4  Plyala.  la  k  , 

TVHlaa  -  klf) 

Capaclclaa  lay  at  aa4  loa41at>  It  4Naylata 
will  yr»4uca  a  eaaataat  llKrtbaklaa  at  cwrraat 
on  tha  coadoctara  19  ta  tka  '*^'**-t  alaatata> 
«^ia  tha  curraat  atatyly  tapara  ta  aara.  Vltkla 
a  CMaanakla  dagraa  at  accaiacy,  thla  4Utrlkw 
tloa  datamiaat  a  carraat  aonaat  a^l  ta  lal.  . 
aat  uaaful  ra41ac*4  pawat  propart  I  aaal  ta  (lal^ 

HaiiMlitUtt  tha  cwrtaat  aMaat  aB4  radlatlaai 
rtilataoea  at  Caaa  1,  atM  cm  aaa  (Tabla  1)  tha 
vailatLca  ta  ha  atpaatad  aa  a  foactlca  at  the 
taoaatry  at  tha  cwrraat  ilatrlhtlaa. 


nmpotTAL  Ptmcffitatw 

■anarlaantal  aarltlcaclaa  at  tha  thaarp 
datalopal  by  Llpkta  waa  accaaiptlahad  hy  coapatU^ 
tha  tra«ailtta4  pewat  at  a  haaa  ttiaMI  alyhl  faat 
ait  BODopota  (rihvta  9)  ta  that  at  a  farrtta- 
ahaathad  aaaapela  at  tha  aaaa  phyalcal  halfht 


CFttara  4).  NaaawrMaata  thoaal  tha  faretta 
■PBayala  ta  haaa  a  tlrat  taanaaara  at  9.299  M. 

Tha  haaa  ttaUac  laPwrtaaea  waa  aa  cheaaa  fea  raa> 
aaata  tha  air  aoaepola  at  thla  fiotuaaey.  Altar 
ptopar  eoapaaaatlaa  m4  eorractioa  far  traaa 
Nlastaa  llaa  Blaaetch,  clrawlt  ate.,  tha  Car 
flalA  alactrlc  lataaatty  gaaarataA  wla  tha 
farrtta  haaapola  waa  aaaawrat  ta  ha  l.U  tiaaa 
that  at  tha  alt  aaaofola.  Tha  catraapaaAiag 
atfactlaa  la<-iaaaa  ta  raAtatloo  raalataaea  aaa 
<1.*5)*  •  9.4. 

Tha  tact  that  tha  aaiautai  ratla  at  taClh- 
ttoo  raalataacaa  aacta4a4  1.4  caa  ha  takaa  ta 

laAlcata  that  tha  curraat  aa  the  farrita  aaaapala 
waa  AlatrlhutaA  la  a  tUttaaaA  alawaalAal  aaaaar. 
Thla  Alatrlhwtlaa  eowlA  praataahly  ha  aaplalaaJ 
hy  a  AatallaA  howaAaryaalws  thaory  at  tha 
tarrlta-ahaathad  aaaapala. 

Apparaat  auccaaa  la  tha  aheaa  prartpltacaA 
tha  Aawalayuat  of  a  tall  acAla  aaAal,  Kaahla 
thiowghaut  tha  raoga  at  A  kc  ta  9.S  oc  aa  Ala* 
tatad  hy  caatract  ratulraaaata. 

Tha  cbaica  af  aatocaa  <cypa  waa  haaad  apoa 
tha  raqulrMaat  of  waalaua  radlatlao  afflclaacy 
for  a  glwoa  phyrleal  alto. 

raiir  haalc  aataaoa  typaa  wara  eaaaidaraA. 

A.  Tha  Elactclc  Dtpola  Aataaoa  (Flgura  7a).  It 
la  cylladrlcal  oad  hai  a  total  loagth  (l^)  awch 
Atcatar  thaa  tta  dlaaatar  (D^). 

B.  Tha  solaaatA  Aataaoa  (rituza  7b).  A  loop 
aataaaa  wouoA  la  tha  feta  at  a  aalaaelA  whaea 
aalal  laagth  <1.2>  !•  auch  groatar  thaa  Ita  Al> 
OBMtar  (By). 

C.  Tha  Plat  loop  Aataaaa  (Pigwra  7c).  It  la 
circular  aad  hat  a  aaaa  aajar  Alaoatar  (By)  awCb 
largor  thaa  ita  alaer  Alaoatar  (ly). 

B.  Tha  Capacitor  AoccBta  (Flgura  7A).  A  haarlly 
aaC-laadoA  olaccrlc  Alpola  inttoaa,  tAwaa  ooA* 
Plata  dtaoatar  (D4)  la  ouch  larger  thaa  tha  aay 
aratteo  (L^  af  thcaa  platoa. 

It  raataaobly  Mall,  each  at  thoaa  aotaoooa 
will  appaar  aa  alooat  a  putt  raactaaca  to  Itp 
Arlvlag  taurca  at  law  radio  fragotactaa.  Tha 
raAlattoa  raalataaea  of  thata  aataaoaa  will,  la 
gcaaral,  fora  only  oa  aaCrooaly  aaall  ftoctloa  of 
tba  real  part  of  tha  aacaana  Input  lapadaaca. 

'^ta  real  pan  la  Awe  alooat  aaclualvaly  ta  laaaa^ 
Tha  ratio  of  tha  pawar  loot  hy  tha  aataaoa  to  tho 
raoctlwa  power  fed  to  it  (or  what  la  aaarly  tba 
•aaa  thlag,  la  the  low-cff tclaaey  caaa,  tha  ratio 
of  tha  real  part  of  tba  Input  lopodoaca  ta  tha 
raactiva  part)  Aafloaa  a  ratio  l/Q  fat  a  roaetlaa 
anteoDa.  It  will  ha  attuoad  hara  that  tha  oa* 
tannaa  are  tiaiA.  Tha  factor  Q  com  he  tahaa  to 
lacluda  tba  laaaaa  af  tha  twleg  reacbac  oa  wall 
aa  thoaa  af  the  aacoad. 

Tba  ratio  of  uaatvl  radUtad  power  ta  ro> 
actlwo  pawar  c.-iuala  tha  ratio  af  aarlai-agutwalaot 
radlatlaa  raalatcnca  ta  aatanaa  raartaara,  or 
r^/a.  Tha  catio  af  uaaful  radlctcA  powar  ta  loot 
powar  will  thaa  ha  r,/a  dlvlAaJ  by  l/Q  or  Qr,^n. 


!  i 
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Xhit  CM  h*  tMktn  to  dt£U«  •  pow«r  •fficlMC^ 
**r*,  (or  tbo  Mteonc  «•  •  r«41otor«  Tho 
clMcy*  fo  4«flot4  ii  id  clot*  accord  wiUi  thm 
oooal  •«prf«alon  for  officloncj  vb«o«««r  it  io 
wmdk  Icfti  tlMo  Tbo  ^oaotitUi  r,  m4  « 

CM  hm  calcolatod  readily  for  thm  four  ■araafta 
tyfM  oodar  cocaldoratloo. 

••rt*a*o^utval«nt  radiatleii  rcalataooM 
of  feka  lour  aotooM  typaa  arc: 


Solonotd  IUic«Aaa 


Capacitor  Aotanoa  (for  radlatloo  potarlaod 
at  rl(Hc  aofloa  to  tbo 
pUtaa) 


Oalog  readily  avalUbla  approxlmata  fomulaa 
tor  cIm  capacltanca  or  Inductanco  of  tha  ratpoe* 
tlu«  aotefuMt*  tbalr  raactancoa  eao  bo  puc  iji  ilM 
/'.ca: 


Solenoid  Antaooa 


to  tho  equationa  axpreaaing  r  aad  a  ^  K  la 
tbo  fr*a>ipace  wavciangtb  at  tht  ra^lo  frequency 
under  conaldtratlon:  c  la  the  velocity  of  light 
expreaaad  to  cx/aec;  4  •  2*718->.i  and  M2  ^3 


oro  tko  oMboT  of  toTM  oood  to  wlodta^  tho 
•oionoid  aod  flat  loop  aatoooM.  roopoctluolj. 

tlalng  tbo  ahovo  roaulto  for  ndlacloo  roatat* 
oaf  a  and  raactaaco.  tha  foltMing  ootoMO  rodio- 
cioo  officiaocloo  aro  coienUcod*  acU^ 


Cuantnacloa  of  iKo  Coot  efflcloacy  foxsulaa 
iadieateo  that  wharo  Q*o  can  bo  oatMOd  oq«al» 
ftosetrlcal  ahape  eonaldt ratlooa  coato  to  tbo 
fora#  All  four  ontanna  typoa  tAdar  cooaldaratloo 
have  circular  cylindrical  wltb  ororall 

phytlcal  dUieoalona  to  tbo  aaUl  diractloo 
and  ’*0’*  at  right  aogtoa  to  that  dlrccttoo*  Tbo 
four  afflclancy  forvulao  iooolM  tbo  fallo^ag 
quantltloo  haring  dloaaalona  of  voImo:  XT, 
and 

Tbo  obviouo  cheleo,  tbo  electric  dlpala,  la* 
uolutng  the  tera  provldoo  o  nawlM  radlatloo 
efflcteacy  la  given  (ninlMal  pbyalcol  dlnoaaleao* 
Vhen  very  largo  atructurao  aro  raqairad  flow 
frequency  vperotton)  tbo  dlpalo  it  aonaally  rt* 
placed  by  a  aonopolo  (etub)  over  a  gronad  plaad# 

A  30-foot  vertical  noaopelo  naa  coaatmetad 
aa  ohoM  in  figuro  8.  Tbo  foiTtte  anclatava  waa 
abandoned  in  favor  of  a  taebaidoo  •^lOTlac 
clooed  ferrito-cora  inductors  {fifure  ba)  dlt* 
tributed  at  equal  iocrcaonta  along  tba  radiating 
oicnent.  Thlo  tecbniqwa  offered  praolaloao  far 
bloetng  the  ferrite  core  toductero  by  applicattoa 
of  a  dc  Mgnetlalng  curroot  to  obtain  •  tuning 
capability  (pormaabillty  teaUag). 

Shortly  after  the  InccptUM  of  tbla  prograi 
it  waa  reallacd  chat  the  core  loaaaa  lo  tbo 
ferrtco  iLOterlol  were  to  groot^  duo  to  tbo  cloaed 
aagneclc  path#  that  the  odvnntago  ta  ba  galaad  by 
diatributcd  tuning  would  ba  ioalgatf leant  000* 
pared  to  additional  loot  xcalataace  proaant  in 
tbo  tuning  circuit* 


• - -  reum  suic 


.  OOU  WUDIIC 


Th«  ^riocip«l  fct»  to  ^  S«1m< 

IflMcrttott  of  «  caAtl  oatcaM  lu  «  fcrroaofACtt^ 
Qtdlia  !■  Its  obilltjf  to  provld*  rMctaoct  cm- 
ccltcitoa;  cvm  hor*  tW  Mvlt*  aw»c  bo  coa- 
•ld«r«il  ia  li^t  of  ib«  fey^t  lo»»<t  aa»o€iat«tf 
vicb  It*  oca* 

One  aucCf  thcraforc,  ba  tclitCitd  hy  opet- 
altlof  prataot  tccbni^vac  wee  eccoapUchad 
on  thli  coaCracc)  until  «wcb  tlaa  ec  oaw  aetboda 
or  arte  ara  davlaad* 


ripira  ^  orut  rUAltS  OOtl  imCTOft 


At  tbia  fatec,  furtbtr  conildaratloa  waa 
to  baaa  saniag  tHa  racalvlof  antaana;  hara 
lea  leaa  <ld|^  9)  warlabla  capacUora  could  ba 
wood  ia  llaoad  iba  loaay  farrlca  cora  Lnductora. 

opaa  taraita  c«ra  Lnductora  (flgwra  9bl 
carafatlj  daodgpad  for  naatntai  Q  factor  vera  con* 
bload  with  wriahla  air  capaeltora  <ri|ur«  10)  ca 
tuna  owe  tba  nof gimia  capacity*  Q  factor#  of  1000 
or  nara  ware  aBnlicabla  vltb  tba  opto  <ora  io* 
ductora*  baadvtdtb  waa  coatrollcd  bp 


variation  of 


parnaatera  t 


Thta  tuolog  ncabnlgwa  offered  eba  advantage  of 
voltage  atng  cp  c«  tha  grid  of  tbe  firat  atage  of 
tba  raceivnr^  •itolnatiag  tba  oaed  Cor  loaay^ 
difficult  to  bntidy  atep'up  traaafornera*  A 
catboda  fallnonv  (InpadMca  traoaforear)  vaa  In- 
trodocad  bntavnn  tba  tialag  circuit  aod  tbe  coaa* 
lat  foad  cabin  ca  altnSnata  tba  raaonaaC  affact 
af  tbn  lOAg  tnnMlaalon  Hod* 

beiKb  tnara  vers  parfonaad  eonpariog  tba 
aenoltlvltp  fadgiaal  to  nolaa  ratio)  of  tbe  ra- 
celviag  apacaao  vlcb«  aad  witboat  tba  tuniog 
coupler.  Inpnnwnneata  on  tba  erdar  of  23  db  in 
$/ll  ratio  onnn  noted  «Acn  tba  coupler  oaa  Intro¬ 
duced  into  Cbn  nacolvlng  a/atan. 


Tha  author  wlabaa  to  eapreaa  bla  appreciation 
to  Hr.  Denial  Llpkin,  Anerlcan  Clectrooic  Lab* 
oretoriaa,  (now  with  gapublic  Alrcreft  Conpaop) 

(or  bla  cootributtoo  to  tba  tbaoretlcai  aapect 
of  tbta  worb«  acd  to  tba  Onitad  Sucaa  Amp  Signal 
taaeerch  and  Oavalopnaot  Laboratorlea  for  tbeir 
guidance  aod  aupport* 
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It  la  annn^  bowaver#  that  tba  affact  of 
anbiant  noioo  ^oavnlcat  at  low  frosueoclaa)  on 
tba  S/n  ratin  od  the  receiving  apatm  waa  not 
lovaatlgatod  Sm  tm  tha  conplaaltp  of  tha  naaaura- 
neot  problnn.  m  aocertaia  Ita  affect  tha  oquip« 
neot  will  onibi^  a  eonplata  field  evaluation 
under  the  mjadvuaca  of  tha  Onltad  State#  Amp 
Signal  tcaoenclb  and  bavalopnant  Laboratoriaa. 


num  cor  oo« 


coa  birniic 


ngum  9m^  od^s»  raiiTC  OOtl  imcTot 


Tba  proaaoca  of  fcrronagaatic  natarial 
•urrouading  a  anall  antenna  of  any  type  doaa  not 
contrlbuta  nacarially  to  an  incraaaa  in  radiation 
afliciancy*  Tba  praaanca  of  tba  natarial  caa  la* 
directly  affact  tba  radiatloo  raalataaca  bp 
cauatng  tha  diatributioa  af  current  on  ite  con* 
ducting  alanaota  to  differ  fraa  that  e^lcb  would 
have  aalatad  in  air*  Tbla  affact  oo  radiation 
raeiatanca  la  pocantially  United  to  a  4:1  in- 
prouenent  aod  will  not  aacaed  affacta  obtaioabla 
by  coaventiooal  natboda  of  alterlog  tba  aateoaa 
current  dlatrlbwtlon,  a.g.,  by  top  leading. 
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A  GENEnAUZED  ANALYSIS  OF  ELECTKOMIC  ANTENNA  BEAM  STECHJNO 
By:  Dr.  P.  D,  Kennc<>y,  Lockheed  Mlullei  and  Space  OivliioA 


I.  INTROOUCTION 

The  technlquet  for  steering  an  antenna  beam  have 
come  to  be  classified  In  three  categorlea:  mechanical . 
electromechanical,  and  electronic.  Mechanical  iteer- 
Ing  la  exemplified  In  the  traditional  learck  and  tracking 
radars  In  which  the  entire  antenna  assembly  Is  moved 
about  by  motor  drives.  I'here  are  also  many  examples 
of  electromechanical  steering,  which  achieve  beam 
motion  by  mechanically  altering  the  phase  distribution 
of  the  feed  while  maintaining  the  bulk  of  the  antenna  and 
reflector  stationary.  Among  such  examples  aru  Ihs 
Foster  Scanner,  the  Esgle  Scanner,  and  tcveral syslwma 
which  ever  a.ntedate  the  microwave  era.  Finally,  elec¬ 
tronic  beajn  steering  operates  entirely  adihout  moving 
parts.  This  has  long  been  the  dream  of  ayatem  engi¬ 
neers  who  have  wanted  to  control  very  large  antennas  at 
very  high  scan  rates.  The  terms  "large"  and  "hlfh"ara 
obviously  relative,  and  depend  on  the  drive  power  and 
structural  strength  which  are  available  to  combat 
Inertial  and  other  forces.  For  example,  the  structure 
required  In  an  antenna  having  an  aperture  of  several 
acres,  such  as  la  being  privpoaed  tu  supply  motive  power 
to  a  hovering  helicopter,  would  be  pro^goua  by  any 
standard,  while  the  power  available  from  the  aolar cells 
of  an  Interplanetary  probe  might  be  barely  sufficient  for 
the  mechanical  drive  of  a  3-foot  communlealtona  antem 


Aa  with  all  speclallete.  those  working  In  the  elec¬ 
tronic  scanning  field  have  a  tendency  to  consider  only 
the  area  which  la  bounded  by  the  key  component  of  Inter¬ 
est  lo  them.  Therefore,  those  things  which  are  common 
to  ferrite  scanners,  (requoicy  scanners,  reactance 
diode  acanners,  etc.,  are  usually  net  apparent.  The 
priocipal  purpose  of  thla  report  Is  to  giv.'  a  generalised 
analysis  and  to  emphasixe  the  common  factors  of  all 
forma  of  electronic  beam  steering.  Also,  (he  charae- 
terlatica  of  several  devices  of  current  Interest  will  ba 
reviewed. 


n.  CLASSIFICATION  OF  ELECTnO.NlC  STEERING 

TECHNIQUES 

All  electronically  scanned  tmtennaa  of  current 
Interest  consist  of  arrsya  of  discrete  radiating elcmeota, 
with  cootrol  of  the  beam  being  sccompllshed  by  varia¬ 
tion  of  the  phase  ol  the  signal  at  each  element.  Thera 
are  two  brood  clasaea  of  phis*  control  devlcea  ("phase 
shifters")  -  those  In  vlilch  the  signal  Is  t>aescd  through 
some  sort  of  transmission  line  of  appreciable  length, 
and  those  In  which  a  transmlsdlon  line  Is  not  used  and 
cubtrol  depends  on  soma  lumped  parameter  clemeiA. 

The  phase  shlR  of  a  transmission  device  will  ba 
shown  to  depend  on  the  frequency,  length,  and  phasa 
velocity;  this  distinction  provides  the  next  grouping  with¬ 
in  this  class.  Variable-length  devices,  which  entail 
such  factors  as  mechnnical  mutton  of  sliding  contacts, 
will  not  be  discussed.  Howevei .  frequency -controlled 
steering,  as  In  the  Hughes  "Frescan"  radar  ar.d  phase 
veloclty-conlroiled  steering, sa  exemplified  by  many 
ferrite  systems,  will  be  of  principal  concern,  Slncethe 
phase  of  the  output  of  a  frequency  converter,  or  mixer, 
la  governed  by  the  ii'nssea  of  C>e  two  Inputs,  complex 
superheterodyne  ey stems  In  vrhici'  tbs  phase  control  it 


performed  at  various  frequency  levels  are  poaalbta. 
This  provides  a  further  basis  lo;  techolqua  cInaalTIra 
tloe. 


Lumped  parameter  phase  shifters  usually  depaai 
on  acme  form  of  variable  reactance  device  such  as  a 
variable  capacitor  which  might  be  used  to  aimulals  a 
movable  short  circuit  In  a  waveguide  or  a  reactaaea 
tube  used  to  control  the  phase  of  an  oacUlator.  FIgaza 
1  llluatratea  these  principles  of  ayatem  claasIDcMiasL 


PHASE 

SHIFTERS 


TRANSMISSION 

DEVICE 

FREQUENCY 

VARIATION 

PHASE  ~ 
VELOClTt 
VARIATION 

LENUTH 

VARIATION 


Fig.  1  Phase  Shllter  ClsselOcstloo  (Any  of  the  Abase 
Can  Be  Applied  at  Various  Frequeacy  Larel^ 


LUMPED 

PARAMETER 

DEVICE 

CAPACITANCE 

VARIATION 


INDUCTANCE 

VARIATION 


in.  REVIEW  OF  BASIC  FACTORS 

When  (he  exponential  convcntloo  la  used  to  rs|^ 
resent  an  altcrnallng  voltage  or  current  a  flgnal  tt 
zero  phase  angle  Is  expressed  aa  A  o'***,  wbers 
HI  w  (2s)  (frequency).  If  this  signal  Is  piopagaleil 
through  a  medium  where  the  phase  velocity  la  c  far  a 
length  d  ,  (he  wavelength  In  the  medium  la  A  ••  c/t 
and  (he  output  signal  la  expressed  as 

Output  -  B  8^*“^  "  ^ 

,  B^M-2sd/3»  ^ 

m  B 

In  the  last  lorm,  the  term  e  J****®^®  shows  the  Phsaafac 
caused  by  the  passage  through  the  medium. 

A.nler.nae  are  usually  analyzed  by  adding  the  f 
trlbutlons  to  the  total  Held  at  a  distant  point  (rota  tbs 


140 


tivm 


vsrious  ra'iltlinj  rlcfnct^la.  lii  coirtrolUm  tfc« 

(kt  ph*ae»  erf  Ih*  varlou*  alfnai  j  art  adJrfsUd  a«  ikM 
t)i«ae  contrlbaliona  alJ  add  Jr  pliaa"  al  tona  ayctflaJ 
polirt,  and  the  anjle  tc  thta  point  la  said  to  o«  the  dlrec- 
IJoo  ol  lh«  b«am.  The  teat  point  la  aaaamcd  to  bo  oo 
dlitairf  that  the  raya  to  It  Jrom  each  alencnrf  cao  ho 
aari^cd  to  be  porallal. 

The  above  ofcaervatJooa  apply  for  Umnamlttirs 
amennaa,  but  the  rcaulta  obtuJneel  by  ana|yalawlO  alro 
apply  to  recelvlnjt  antennaa-  Conversely,  it  laay  aoesi— 
tlmea  be  more  convenient  to  analyse  a  recelvlox 
tenna  and  apply  the  resolla  to  trar,smlaalQO.  Amplltiidt 
betora.  whether  Introduced  by  range  conalderailotia, hji 
aperture  excllatlor.  or  by  the  effect  oo  the paltcrw  sbap* 
erf  scanning  to  various  angles,  s'lll  not  be  cer.aUlertd, 


iV.  BASIC  GENtKA.LlZED  ANALYSIS  OF  AKYtUSA 
SCANNIWC 

1.  No  Frequency  ConveraUol 

Consider  two  adjacent  elementa  of  aa  array  «• 
Illustrated  by  Fig.  2. 


Fig.  2  Array  Wllh  No  rrequeaqy  Cooverttoe 


At  element  (2l.  ibe  |*aao  leg  with  respect  t* 
eleirent  (I)  la  (u.d,  sin  a^/cg  because  element  {2J  U 
da  sin  a  farther  from  the  source.  The  phase  lagtetro- 
duced  by  the  tranamfealoo  element  la  wjdf/ce  .  whera 
the  subscript  e  auggesu  a  length  of  cable  aaed  as  a 
phase  shifter.  To  make  tlieae  two  phases  equal  for 
acme  epecUied  angle  so  that  the  "beam  Is  aleered  to 
thta  angle," 

“i  • 

^  d  -  n  2.  .  J-  0.  •»«  * 

G  • 


U  th«  ph*»«  of  each  alteniel®  clemenl  ii  reirer»«do 
the  term  o  2m  can  be  »  ,  s  ,  bi*  thin  IG 

not  oecetnary  to  the  diecuentoGw 


sin  $ 


aihaf* 

e  ■  phase  vcaoeltj  In  apaca 
c  •  phase  ueleelly  In  the  lrBnamlaa,obi  dc'dce 
H  >  Ic^th  ol  tranamlsalor  device 
d  apaeiag  hetweett  antenna  demcn^a 

a  »  V  pooltlve  lolegrr  {can  be  lent 
h  •  tmaelength  In  apace  <rf  signal 

•  •  seas  aagte 

aod  fr^cj  ftW^a'  *«>  hecalled  the  control  vnrtable  at. 

It  u  la  sol  acre,  two  facta  arc  apparerf; 

a  The  anr^e  will  be  dependent  on  txAh  the  algosl 
frec|sency  and  the  i!OoUot  prFanu.',ir 

e.  oprvatioa  over  a  band  o<  Ireqsenclct  la  tie- 
sired,  some  fclivl  c4  compile'.'  having  the 
frcqscncy  aa  one  input  will  bo  ret^lrsd  la 
determine  the  properccntrol  value  for  aapoel- 
fled  angle.  Forthermort.  the  retpdred  raoga 
of  the  eooaol  parameter  will  be  extentkd. 
a  The  posslirfliSy  of  multiple  lobte  ealstr  If 
several  aafuea  of  n  eaj*.  give  real  angles. 

This  lends  ta  reatrirt  lha  bandwidth  .ud  ncas- 
alag  angle. 

Sncral  ccrccs  arc  gives  Is  Fig.  S  to  show  the 
cOeeta  of  rafylag  the  conirol  parameter  and  the  algaal 
navdenotk  lor  rathei  imall  values  of  (d^/d,)  {Cg/c^. 
Sappoae  thd  acanamc  over  a30*  la  required  and  Ihirf  a 
1 . 4  ta  I  fraqpwncy  range  la  requi  red  aa  suggested  m 
the  Ogarc.  If  spiciag  betw  een  antenna  elementa  la 
aaawncdtabe  •.‘Iho  at  the  shortest  wavcieogth.  the 
control  parameter  mast  be  variable  from  2.S  to  g.SS. 

H  the  eoatrol  parameter  la  largar  as  Illustrated  by 
Fig.  4.  the  required  [ractlonal  ra  of  the  e«trai 
varWble  la  rcefcKcd. 

The  possIfaUlty  of  having  higher-order  beams  Is 
aiarays  preseat  wfaca  the  dement  spacing  la  greater 
Ihaa  abod  and  any  scanning  to  positive  angles  Is 
attempted.  That  la.  for  each  value  of  d^/X^ .  the maxl- 
mam  poalUva  aean  angle  la  Ilmlledby  the  appcaranccag 
a  lobe  at  a  negative  aagle.  This  second  lo^  may  ba 
permitted  to  ealst,  under  certain  circumstances.  If  It 
Uea  ontsidc  the  rai^  of  Interest.  Figure  3  also lUaa* 
tratce  thelimttatiora  ooscaa  ai^lo  andclemcol  aperlng 
for  several  aecood-lobe  poalUooa. 

Eqaattca  Q  Is  perfectly  genera]  and  applies  to  aU 
bra—  atoerlag  ayalcma  nut  Involving  frequency  cootver- 
aloaa.  The  of  phase  ahJftei  was  net  specified  lad 
only  deaerfbeo  by  Ha  phase  veluclty  and  length,  eUher 
of  which  be  variable  lor  control-phase  velocity  aa 
la  ferrUc  drvtcea.  ferroelectric  devices,  travdlag 
wave  tabes,  etc.,  or  length  as  In  sliding  abort  cir- 
culta,  travdlag  belts  coupfers,  trombone  tine  alrcteh- 
Crt,  etc. 
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1.  PmiMacj  C  mvcrsloa 

A«*aM  tkat  thr  cyttam  Is  sirsnced  u  iWm  to 
s  Md  I****  s  trantmlMloB  device  U  pieced  la  eaa 
^  Ike  totoiiaectliile  Trequcocy  circuits.  11>e  local 

votts«e  bee  s  fre<|ueacy  hiifber  then  tbet  e( 
ike  staael  errlvee  st  each  mUer  with  the  sew 
plUMa.  TW-*.  tbe  output  o(  mUer  Dumb  jr  2  occara 
wllk  s  pbsjw  aB(Ie  of  (wid^/co)  sin  *  wkich  to 

to  ba  ceapeeisated  by  tbc  pbeee  l*(  of  tl  a  trsasmlaslea 
Tkareters: 


—  d  -  b2sw  —  d  ale  f 
*c  '  'o  * 


C  d 

S  o  c 


Xa 


-2  S  •  a  2=  .  tU  # 
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The  precedtag  tWanaealaa  does  aol  taply  Hud  a 
ayatem  lavolvUig  a  fretineacy  ceseeTaloa  Is  aaaM  ea|y 
ahes  Uie  Intermcdlato  fretjaaocy  Is  chaapd  Is  eery  too 
control  parameter.  Oa  lha  ecatrary.  the  ootoiai  aaay 
be  oMalned  fay  meaas  of  rlaaeaa  ia  Ika  phass  treloefly 
or  lef«tb  of  Ike  l-f  dd^  Has  (Scf.  1);  aad  IXIMs  eaa 
ba  dooe  more  coonretdeedly  lhaa  fay  ckaactog  Ike  eaa- 
reapoadlag  characteristics  ad  Ika  elgaal  fraq^aacy 
triatomlaaloa  Haas,  )««blHnan<ia  far  Ika  friqpmry  eoto- 
ea.akto  to  provided. 

1.  Doolds  Fra^ua^  Caaaaralaa 

Aaaume  now  that  Iks  ayjleai  Is  Biraacad  as 
skowa  la  Flf.  •  asd  tkto  a  traaaailaaloa  device  Is 
flacad  la  Iks  circuit  at  toe  saceod  local  oscillator. 


PIS'  *  Amy  Wllk  DoaUs  rretpasucy  Ccsvarslos 

Aocorrdloe  lor  the  vartcas  pkass  ahlfla  loada  to 
yis.  5  Array  With  SIngla  Freqaency  Converalca  the  foUovioc  etpuUco  trr  tks  coadltloa  wbea  Iks  eea- 

trlbstlooB  to  the  cadput  are  Is  pdas*: 


Tbs  rBJ«e  of  control  parameter  and  acanatoc  w^d^  **l^a 

Untto  la  exactly  aa  ohovro  In  the  prevloua  atctloa.  — —  -  s  k»-  — —  ala  # 

Boverer.  w-y  aa  well  aa  e,.  and  d^  can  be  now  uaedto  4  a 

▼ary  the  control  parameter.  For  mlcrowavelraq^ea-  (4) 

eitm.  will  be  amall  and  a  largo  valueof  w  e^  d. 

(Co/eJ  tdc/i**)  *"•  nnceesary,  but  title  can  caaOy  — •  ^  J'  "  •  3”  • 

be  t  out  by  maWng  the  IranamUslcn  drvice  a  length  od  Idas 

delay  line  cable;  for  example.  In  RO-t-l  A/0.  c^^Cj 

la  about  40.  FurOtermore,  an  advantage  le  gained  where  mO  d|  are  the  pkaao  volocHy  nsdleacth  od 

from  the  preeeoce  of  uj  In  the  control  parameter.  tks  ti  anamlnelan  ulemeid  la  bhe  second  local  oscillator 

boraituii  U  acts  to  roevee  the  retfdred  range  od  wy  le  ctrentt.  This  equstloa  to  similar  to  Eq.  (3)  laisascii 

cwvtr  ftvcB  acaanlng  angles.  as  tkw  ooiAitkl  parameder  cas  fas  >es(ll]y  Idt^Oed  asd 


foUavlaK  ImmtdlMaly  oaai«  to  mind: 


■  kafitm  tn  eodaln  n  adJuataUe  freqaency  l«na . 
Tlila  aymM  knn  tlm  burettlnc  fnvcrly  of  hnrliig  In- 
dependod  canto^n  far  frequency  •■nei  (which  li 
reriedtydm  flral  encUletor,  as  la  any  eiiperl.ttera- 
dyne  ayddmd  aad  fer  snculsr  scambc  (which  U  varied 
I9  the  aaoaadaeelUmor).  Acbealy.  tfaa  phase  ehllla 
eonld  be  hdeadacsd  at  any  of  flee  ftcqqency  levels  (and 
a  alanUar  mrftlplIiHty  of  opponiaellirs  for  placement  of 
the  phaacahMer  la  (he  sli^le  coancvalon  system),  but 
the  am^emeat  shewe  seems  io  he  the  most  Interest¬ 
ing.  As  a  aaatter  of  fact,  It  mljM  hr  posstbla  to  use 
some  seat  a(  tnaaped  parsmclcr  demeots  to  obtain  the 
secaetd  eaeSatar  phsM  shifts  at  same  cooventent  low 
and  fined hegyaency.  which  would  yaatify  the  double 
convenisa  Ftuthemvorc ,  It  may  be  noted  that  the 
phase  aUfk  eieiBest  la  Fig.  d  la  aat  rctjulrcd  to  pass 
the  iiiiiiMatnl  sigaal,  and  this  au^  he  an  advint^a 
where  Iheheadwidlh  of  Ihs  device  is  limited. 


c  Ferroelrctrtc  melerlsls  (vsriahle  <1 
e  Cea  dltchsrge  tubee  (vartsble  <  J 
e  /errttes  (vsrieble  p^) 

Neat  to  be  oontitlered  are  ‘’artiriclal''  trsnsmlssloe 
lines  composed  of  lumped  capacitance  and  Inductance. 
The  foUowlng  devices,  which  are  equipped  for  electri¬ 
cal  control,  am  avsUsfaie: 

e  Capactlor  diodes  (variable  c) 
e  Saturable  reactors  (vartabis  L) 

furthermore,  the  velocity  of  a  traveling  wave  which 
lateracte  with  an  eirctroe  beam  can  ba  varied  by  cfaaiig- 
Ing  the  characteristics  of  the  beam,  so  another  oaeful 
phase  shifter  le  the 


t.  r»ACT»CAL  PHASE  aOVT  DEVICF.S 

1.  Omaeal  Bigelreeaenta 

■  hee  hecB  ahowo  that  analyaia  of  any  beam 
dleerlag  ayatrm  laada  to  the  madam 


a  Trsvdlng-wave  late 

tn  a  bounded  medium  whore  the  propagvlloo  Is  not 
purely  TEU,  the  phase  velocity  depends  on  the  ratio  of  • 
aiznal  waveleogtb  to  cutoff  wavelength  tn  the  medium. 
For  eaample.  In  hollow  wavegnldea. 


c 


Devices  which  vary  the  cutoff  wavciettgth  mechanically 
will  nut  be  considered,  but  It  aeema  moet  appropriate 
to  classify  a  dlaperslve  waveguide  aa  an  elamart  whose 
phase  shift  depends.  In  part,  on  the  change  of  phase 
velocity  avltb  frequency. 


To  shewhww  tbla  cematlon  la  appi'.ed  le  practice  will 
entail  Che  taweatigalloa  of  delalli  about  devicti  whose 
froquevey.  phase  velocity,  or  lea(;;ih  can  be  controlled. 
(Lamcth  wta  be  excleded  from  rhacusalon  of  elec- 
troole  ledmdqnea.) 

Aawamlag  that  such  devices  caa  be  fuuod,  by 
what  erberta  abocJd  they  be  ft  seeisa  most 

peitlaod  In  ceaelder  the  foUoariie  points  of  Interest; 

e  Reliability  In  thalr  twvlronmerd 
a  Weight  aid  sire 

•  Power  conaumjelea 

•  Lars,  gals,  andndse 

•  Case  of  control 

•  ApyJtcablllty  In  varkus  frequency  bands 
«  Prescot  elate  of  denelopnienl 

The  lull  swing  aer'tos  will  dlacew  Vow  several  devices 
of  cuTTCwt  lelcreM  orect  the  abuac  rwqulremeat'/. 

Z.  Teehwtgaan  of  Phase  Velocity  Control 

ha  an  gahomded  medlura  of  permittivity  Cr  tg 
■adpemardillity  •  the  phene  velocity  Is 


fc  geaeral,  tben.one  aeeka  materials  lor  use  la 
phase  atdi^re  whooe  rejative  rmatitlvlty  and  perme- 
abUlty  asw  aanccpUble  of  eleclrinl  control.  The 


3.  Phase  Shift  Devices 
a.  Ferroelectrtcp 

The  term  "ferroelectric”  (Refs.  X  and  3)  Is 
applied  to  dlelectiic  matcriaia  which  exhibit  a  aooUnear 
curve  relating  U  and  E  (stuiUar  to  tbs  D-H  curves  of 
ferromagnetic  matei  lals)  and  fur  srblcb.  as  a  oooae- 
rpience.  the  dlelecitir  coealant  ran  be  coelroUed  by 
varying  the  electric  Held  at'cngth.  This  sugzeets  that 
B  two-cooductor  transmission  line,  lor  example,  migbl 
be  inibodded  la  such  material  and  Ibe  velocity  of  peop- 
agiUon  miglit  be  controlled  by  varying  c  d-c  bias 
between  the  conductors,  b'nfortuna'ely.  tLa  caase  of 
the  nooiloear  behavior  -  a  dtatonion  of  the  crystal 
ctnicture  -  also  uahes  these  matsrlalt  sensitive  to 
temperature  and  mecbanlcsl  etrees.  Furthermore, 
the  melerlsls  would  be  considered  loesy  In  compaitaco 
with  the  ustul  dicleciricii,  since  the  foes  tangent  Is  tn 
the  range  of  0.C3  to  0. 13  for  moet  ceramic  ferroelec- 
trlce  which  ■nt'ht  be  ared.  For  example,  1  lose  tan- 
geot  of  0.1  means  that  a  transmission  lias  with  aa 
electrical  lenytb  of  two  wavelengths  would  havs  aa 
stteouatloo  ol  about  S  db. 

Another  disadvantsve  Is  that  rather  high  voluges 
would  be  required  -  perhaps  eeveraJ  thousand  volts  to 
email  coaxial  cnbles  or  several  hundred  volts  In  strip- 
line  of  a  few  mils  seperallon.  The  lerroelectrlcs  are 
good  Insulators,  bnt  Uie  generation  and  control  of  such 
voltages  would  surely  present  probleme. 

It  appears,  then,  that  lt«e  ferroelectrlce  hold 
some  promise  for  ibe  future,  and  Interest  In  their 


mlcrara**  pniwrtle*  li  lacrcialng,  bat  thcjr  da  aol 
■am  nttrMr  for  Unanadlata  appllcallaa  to  antaaaa 
qrMMM. 

b.  Gas  Dtodtarg*  Toba* 

A  dertvatloa  of  tha  dectrlcml  propertlea  ol  a  gaa 
la  whldi  frae  declrooa  are  praaent  alwara  that  tba 
ralathra  parnltUvlty  la  leas  than  >10117  aod  la  rclatad  la 
the  eicctjm  denaltj  (Ref.  4).  This  baa  auxzcatad  Chat 
a  phase  ahlflar  be  conatmcled  of  a  microwave  traaa- 
nlasloa  Itoe  to  which  the  gaaeoua  dielectric  ua  be 
ionlted  la  a  controllable  degree  by  aa  auxiliary  elec¬ 
trical  discharge.  This  principle  baj  oeea  demooatra¬ 
ted  to  a  relatively  crude  way  (Ref.  S).  but  suck  a 
device  has  Baoy  dtaadvaoUgea.  The  attenuatloa 
caused  by  the  ^  'nty  loea  aasoclated  wtth  jolllalaas 
between  dcctrca  rod  larger  partlclca  may  be  exces¬ 
sive;  traasmlttlag  ayatema  are  harHbcipped  by  the 
limited  power-haixllli^  ability  of  the  low-prreaure  gaa; 
and  recetvleg  ayatema  are  handicapped  by  the  appreci¬ 
able  Boise  generated  by  the  dlacbarge.  However,  tha 
poaalUlity  of  aalag  gaa  dlecharge  phase  ahlftera  to 
Intfigalag  and  may  eventually  become  feasible. 


U  la  groes  simpileatloe  to  eay  that  a  ferrite 
raaleiial  has  a  varitUe  p  ;  actually  the  magnetic 
mocnecd  of  the  splnolng  electron  causes  the  material  to 
react  diSereutly  to  tlie  two  aenaea  of  circular  polerl- 
xadon,  asd  thia  effect  happena  to  be  aenalUve  to  the 
strength  of  the  applied  d-c  magnetlrstlon  (Rela.  d  and 
7).  Therefore,  ferrite  devices  muirt  be  explalrnJ  on 
1^  basis  ef  Uila  anlaotrupy  and  In  ierins  of  the  exist¬ 
ence  of  eIrcBlarly  polaricod  components  of  the  r-f 
field.  CcBcraiiy  apedilng,  moot  ol  the  waveguide  oon- 
flgurttfasB  require  rather  high  field  alrengtha  to  the 
magnetic  flelda  used  (01  control,  so  Ibd  relatively  high 
currents  ara  required  to  the  colls.  Where  Iron  lauaed 
to  the  smgndlc  circuit,  the  devices  fuller  hyetereuls 
la  the  control  current-phase  ahifl  curve.  Cooioquently. 
the  syatem  designer  faces  scriuus  problems  in  Ike 
design  of  the  control  apparatus,  not  only  because  of 
tks  kysleresto  but  slio  becaues  of  the  temperaturs 
scoslUvIly  of  the  roalcrials,  and  there  Is  little  hope 
for  the  feasibility  of  really  lightweight  and  cooipsci 
eqiiipmerg  hiving  low  power  consunipUon  (these  adjec¬ 
tives  beinc  entirely  relative,  ol  course). 

However,  at  least  one  type  ol  lerrile  phase 
shifter  has  appeared  which  lx  remarkably  economical 
of  control  power  -  the  so-cJled  Rcgglt-Speocer  phase 
ahlfler.  This  conslsle  of  a  Icrrlte  rod  centered  to  a 
rectangular  waveguide  and  a  solenoid  to  praikKe  a 
longibuUcal  control  field,  q  hs  Inventors  theorized 
that  the  large  amwinla  of  phase  change  occurred  be¬ 
cause  the  polaiizallon  rotation  of  the  Held  In  the  rod 
la  suppressed  by  one  waveguide  dimension  belngbcyond 
cutoff  (Itcf.  b).  Otliert  have  peoponed  that  the  applied 
D.rgnrtlc  Held  tenda  to  concentrate  more  energy  In  the 
rod,  wfyere  the  hl0h  dielectric  constani  causes  covisld- 
erabls  roJoetlon  of  the  phase  velocity  (Refs.  9,  10, 
and  II).  In  sror  case,  this  type  of  device  seems  the 
most  prowilulng  In  terms  of  case  of  control,  and  con¬ 
trol  power  reqfjircinents  of  1/3  to  1/2  watt  per  phase 
shifter  bare  been  obtained. 

Hoei  of  the  developments  jv^ported  In  the  lltera- 
tore  h-ive  been  made  In  waveguide  devices,  and  the 
majority  have  been  demonstrated  at  X-band(R«f.  12), 


ahbosgb  %amm  slifpilse  sad  coaxtal  coopoeesto  bsss 
bees  tnanssrail  Tbs  ferrite  materiaia  themaelves 
have  bees  tmpreswd  so  ss  to  be  auluMe  for  appilcigiss 
low  to  the  UIIP  bssd;  (or  example,  aoenu  data  sssrs 
receefly  preecalad  as  ■  mlcrestrtp  phase  shiltor  M  4M 
asd  SO  megscyeles  (Hef .  13). 

d.  C^scHar  Plidis 

R  to  wwO  kssws  that  a  sUdlug  short  circuit  caa  bs 
used  M  a  compnsssS  to  a  phase  ahlfler,  for  axampls. 
as  to  the  E-H  luser.  The  variable  reactance  of  adiode 
capacitor  msltcs  possible  aa  aealogous  device  In  srhieb 
tha  voilage-oaetroliad  capacUaace  can  be  used  to  pro¬ 
duce  the  tarns  rcault  as  the  alldtog  ehort.  The  varac¬ 
tor  diodes  betog  maseifaclorcd  for  use  to  parametric 
amplifiers  are  of  each  high  Q  th^  the  lose  00  reflec- 
ttoo  arlll  be  abosi  1/2  db  end  have  a  aufllclcnt  range  of 
capacity  to  produce  a  phase  shill  of  about  one-quartor 
wavelength  (Rato.  14  and  IQ.  However,  the  rdstJos 
between  blaa  asd  (dans  shift  la  quite  Donltoear,  sad 
the  pawer-haaAtog  atoUty  to  Umltod. 

The  use  of  caipwctlor  diodes  as  phase  thlfUng 
elcmente  to,  nercrthzd esa .  a  technique  with  very  grad 
poteeUal.  parUcatorly  tor  light,  compact  equlpoos*. 
One  advaidage  to  IhR  the  control  power  requlrcmcsto 
are  eery  low,  since  the  diode  Is  Uased  lu  the  reveres 
dtrecUoA.  ethers  are  that  the  diode  Is  very  small, 
should  have  neJimlted  life,  and  la  relatively  InaeoslUvw 
to  temperature  variations.  Oee  might  visuallts  a 
rather  comnlsa  strtjdlns  aaaemhly  Incorporating iRodos 
which  are  permanently  soldered  In  place  and  controlled 
by  printed  clmaftiy  arhicb  paralleie  lbs  r-f  Itoea.  (A 
coax  version  to  described  io  Ret.  16.)  Further  im¬ 
provement  to  diede  performance  may  nuke  thlscoeecid 
feaaiole. 

At  fretpeescies  op  to  ahoid  20  megacycles,  tbs 
tow-lrequency  type  of  silicon  capacitor  can  be  used  as 
s  variable  elcsirid  to  aa  erIJIlela]  transmltetoa  line. 
Such  capacitors  show  approximately  a  4/1  cipaclUacs 
change  for  a  btaa  range  Irom  zero  to  about  20  volta. 

If  the  laductancs  cf  the  circuit  la  varied  alio,  the  phase 
shift  s>ay  be  obialaed  while  keeping  the  charscterlatic 
impedance  canstast,  thereby  improving  the  clflclency 
of  the  circull. 

e.  Saturable  Rsseters 

Virlahls  toddctors  are  eotnmerclally  BvaHahle 
fur  the  frequency  range  where  aa  artIUclaJ  Iransmin- 
sloo  line  circadi  aalgld.  he  naed.  Such  units  arecapalla 
of  approximately  a  4/l  inductance  change,  with  alind 
I  wau  of  control  power  required  at  the  extreme  totoc- 
toacc  value. 

f.  Traveling  Wave  Tubes 

Traveling  wave  tube  aapilflera  have  many  appli¬ 
cations  la  the  oslercwrave  art  because  of  their  rclativeiy 
wido  bandwidth  and  tbe  eaae  of  constructloa  and  use. 
Becanse  the  pbese  velocity  of  the  wave  progressing 
along  the  helix  la  aeneltlve  to  the  helix  d-c  potential, 
these  Cubes  Been  deotlced  to  piry  an  important  part  In 
the  future  of  dectrixdcally  acainod  antennas  as  well, 
particularly  where  Umlr  power  oolpiit  or  gala  caa  be 
used  In  a  IrannnKtiug  or  receiving  application,  reapee 
Uvcly. 


Tnrtlbw  wa*«  HAM  ka««  bMS  Mil  for  ill 
frttqaeeelei  wUhta  Un  OH7  mt4  mUnwtm  bandi,  and 
a  flvao  ilealfn  will  tilly  cotwt  aa  ocUrc  baadartdllu 
TIWT  ara  tyidcalhr  abM  1  lack  la  iMamaiar  aad  It 
-laches  lone  aad  arwidt  1  or  S  paada,  aaefoatra  el  the 
focualng  macaal.  The  paaer  raqalretneat  at  a  low- 
power-recelvliic  type  at  Ms  Is  abM  10  waOta,  aa- 
clualva  c<  matnal  power  aapplj .  the  iHawfoaalaia 
which  aoconpaalea  Uiaar  daslraWa  laatafwa  U  lha 
locualof  sotaaold,  whldl  aOda  perhaps  10  ptanfli  aad 
100  waits  to  tha  arel£hi  aaipewwr  reMrmeola.  Prw- 
aunably.  aU  travellaf  wa»e  tebfa  will  ulUataicly  be 
focuaod  by  either  very  Uchl  perwaeat  nacwela  or 
alectrosUUc  stractarea. 


VI.  coocuaxMi 

tt  has  been  abowa  foal  a  sreal  sirltly  el  elec¬ 
tronic  antenna  acaraiLa(  ayet raia  caa  be  reprsa anted 
by  one  equation  In  which  a  eoatrol  parameter  can  be 
IdenUileiL  Adjuatmod  of  IHa  parameter  caa  be  ob¬ 
tained  by  rariitloa  ci  frayneary.  phase  sclocity,  or 
length,  and  a  dlscasaVea  of  aasmal  phase  shift  de- 
rlcea  Uluatraled  bm*  they  caa  be  cccaldered  from  this 
point  of  view.  The  aaa  ef  foe  aaalyala  preaenled 
particularly  abenrs  the  rwyalraaacits  oa  the  coolrol 
parameter  to  ofatala  ecaaeiag  ewer  a  band  of  alpaal 
Iraqueticlee. 
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m  sFnxT  or  ruui  <aB  sMUia 
OH  THS  maiumi  uscth  or  loot 

I.H.  r«UMn  and  0^.  Trif^ 
US<UiB0L,  rert  ttoOKrath* 


k  atadj  rvrvHla  flaU  Mira 
tBaUuHtj  «U1  l^a«  aarara  Uadtatlona  oa 
airataa  daal^  aad  p^onausca.  la  thla  papar 
«  (aaaial  aqaaUoa  la  dartvaO  for  aaatM  loop 
lan(U  la  taiaa  of  atabllltf  for  (ivao  loop 
Xoaa,  Ctarla  hoaa  boao  prapuod  atiowlac  tha 
Moebon  MOaUa  loop  lanxth  la  ollaa  for  vat 
oad  iff  Mra  KO-1  adta  3  al.  ropaatar  apoolnf. 
It  la  oatoUlahad  la  U»  papar  ttet  tha 
abaDluiM  Matiaiia  langth  of  loop  la  dapaniant 
oi  iht  feUoMJac  fadorai  airiaiai  allo«abla 
loop  loaa,  Mira  atablUtp,  Mira  attanuatloo  aad 
amattandad  npoatar  apad^.  Tha  aaxlaaa 
altaobla  loop  loaa  ia  flxad  tgr  ayataa  oaf>- 
oldaratlana.  tha  Mira  atahilltr  and  attaouo- 
tloa  aro  daulffi  factara  uedar  tha  eontrol  of 
tha  eabla  anflaaar.  Tha  mattaadad  rapoatar 
opaciof  la  tha  ooi^traaiaa  aida  by  tha 
•qulpnant  dadga  aoflaaar.  Tba  Mallor  tha 
apaclm  tha  cloaar  tha  approach  to  tha 
obooluta  loop  lancth  aad  tha  (roatar 

tha  aaohor  of  rapaataro. 

riTBODUcnc 

It  la  gacaraUj  aceaptad  that  thara  aalata 
a  aaloa  for  tha  uaabla  length  of 

rapaatarad  troowdaalon  Uoa.  Ordlnarllp, 
tldi  la  batad  on  tha  total  ooita  plckad  tp 
tha  oonductara  cod  aapUflad  b;  tba  tapaatarot 
Tha  eajdacai  taloa  la  raaebad  ahao  tha  dgnal- 
to-oolaa  ratio  raachat  tha  praaerlbed  ooxlaut 
Mtlaa.  Ttaa,  aron  tbou^  tha  d^l  atran(th 
mtj  jwt  ba  raatorad,  tha  hlfh  laral  of 
lAddant  oolaa  tea  Iqpalrod  tha  oao  or  aachlna 
lotalllslblilip  of  Uta  tranoadttad  alfnal. 

la  tha  eaaa  of  oiUtarf  flaU  wlrOt 
oaothar  ibeiar,  ooro  powarf^  In  affact  thoa 
tba  Dolaa,  pUfa  a  Xan^h  Halting  rola.  Thla 
factor  la  attaouatlon  otabllltj.  Attaouatlao 
atahlUtp  (to  ba  nllad  atablUtr  In  thla 
pepar)  la  daflnad  ae  tha  dlffaraDCO  in 
attanoatloa  baiwan  a  oUa  of  dry  Mira  and  a 
■11a  of  Mat  Mlrii  Thla  raaalta  fron  tha  lo- 
craaaa  la  tha  cnpadtanca  aad  eoodaoUnca 
patooatara  orar  tha  dry  ooodltloa  Mhao  tha 
■Ira  pair  baoonaa  MOt. 

In  tMa  papar  Ma  Mill  dartaa  a  janaraX 
aquatlcA  for  iaTl»»  rapaatarad  Una  langth. 

Ha  Mill  ah>M  ttat,  {Iran  the  oaxluoi  alloMobla 
lou,  tha  »zli3ii  iLm  laoctb  la  a  fvcictloa 
of  tha  foUoMlnc  faotorai  etabUltp,  «nlt 
attatraatleo,  and  rapoatar  apodag. 

THg  PBOBIBI 

Tha  oephtatleatad  ceaaldarotiea  of  tha 
lint  lost  Ina  a  traoandooa  lopact  on  It* 
conaiail cation  oyataaa  It  can  ba  abOMn  that  tha 
antldpatad  Urw  loaa  la  tba  oaotralllng  factor 
In  allooatlng  aUoaobla  notaa  loral  par  trunk. 

A  3  db  dacraaaa  In  antldpatad  Marlaan  Una 
loaa  Moold  aUoM  a  3  db  Ineraaaa  In  aUoMabla 
trunk  noloa  laral.  Thla,  In  torn.  Mould  radoaa 


tha  tranaaltior  poMor  ro«Uranaata  bp  nlBafe 
In  a  mdla  trunk.  pathtctlng  la 

tionaalttar  powar  roqnlraaanta  maid  raodlh  ii 
algolfleaat  raductlone  in  aporatlag  aaot,  oda 
nod  Molght,  of  tha  antlm  aooaaileatlan 
and  Ita  wogmaiitn. 

In  tbo  light  of  tkn  pi ai ailing  dtacoMdaa 
eur  purpoaaa  la  Melting  thla  papar  boaaaa 
apparont. 

(l)  To  doaolop  and  oihlbdi  tba  mriaoo  oBdn 
aharastarlotlea  Mhleh  eoBtrlkol*  to  tiM^ 
olaalon  Una  parforoauea. 

(3)  To  doaolop  tha  ralntieoaUp  botmta  tt* 
a^oua  cihlo  charactariatlaa  4id  tha  taonO' 
olaalon  Una  parfotmoeo* 

(3)  To  pooetarta  tha  l^poataoca  of  angSooMli 
daalrabla  ehnxactorlatlcn  lota  traoMdnBaa 
Una  onblo. 


Tba  roqulraaoDit  login  aad  an  a  aaaoadiadlai 
oyMtoa  far  a&Utair  uoa  Incladat  ouy  laotnlB- 
tlOQ,  foolproof  a^dnlotratlca,  ali^pla 
nalntananoo  aad  loo  coot,  tha  Mira  ookaolbw 
loop  ttpaelallp  raiat  aaot  thaoa  ripiliaaaala. 
For  thla  raaacn  It  Mta  daddad  to  oaa  fUod 
gain  tppa  of  rapaaiara  nod  ai^llflara.  Tha 
uao  of  tboao  ropoatora  maid  ba  praocrlhod  ad 
tba  and  of  aaeh  aactloo  that  OMcaadad  a  poia 
datarKinad  length  la  oUna.  Tba  arh—tla  of 
Plguro  1  lUuatratae  a  gonoaol  oobacrlbinr 
loop  that  la  L  ollaa  loos  aad  tba  praaedhod 
ropaatar  apadng  la  3  odloo. 

Tha  rvletloaoblpa  that  Mill  ba  doaolopad 
aro  gaoaral.  To  .juoetuata  tha  Ij^aat  aC  omt 
daralopoant.  on  actual  uot  «f  aaotttleaa  rtfk 
ba  naao.  Tha  oondltlona  Mill  cenolaa  aC  tfa 
naa  cf  Flald  Ulroj  ta>>X  aad  tha  appUcatloa 
of  tbo  9  dh  BkjdeM-i  loop  loaa  apaclflsaUao. 

Tha  v^ruatlcoe  ilU.  bo  doaalopad  nadag 
iqnholB  havlag  Intarprotnlioao  an  falloaoc 

In  TMal  langth  of  loap,  adlon 

^uaabla  =  Tbtal  oreblo  laagth  of  Igayp 

ollaa 

^laat  =  Laagth  of  loop  to  laat  rapondrO’, 
dine 

3  a  Bapaatar  tpadag,  dloa 

X  =  Maxlatia  aUOMOble  looa  par  loop,  Ai 

X,  =  Attenuation  par  oUa  of  Mot  dnoM  B 

Ij)  a  Attoouatlon  par  adha  of  dry  idoo,  db 

C  >  btetdUty  Canotnat  oT  tha  daou 


A  sutlB  ta  to  atoww*  lai  tto  0Sa  »t 
tto  r»p—tT<  towiK  Boi  ncial  Um  Immn  of 
tto  Una.  ralln*  to  etotov*  tUa  MDclB  co«]4 
fatoli  lat  (1)  klfk  latoX  a*  tto 

IUUmt**  tort  (2)  dicnlt  «ta|>aCJ  (3)  ator- 
tadad  traiMBlMlaa  drealt  alaatoto  totb 
wanlttat  en>**-taJk,  dlatortlea,  toe.  toato* 

■tth  ctola,  tto  tlzto  rap— tua  lato 

ant  to  kiyad  to  tto  attinatloa  af  tto  aahla 
atoa  dij,  Ita  lov  laaa  eondltlen.  Ito  loap 
leaa.  for  diy  eabto;  mooU  oanr  to  gaatar 
tbaif  tha  looa  of  eaa  rapaatar  aartlan  aal 
Bcaar  laaa  ttoa  aain.  TUa  la  lllaatratto  la 
tto  traaaaiaalao  laaa  dlasiaa  af  fi^aa  2. 
tto  Unaa  tB,  CD,  KT,  ate.  rapraaaa*  tto  to- 
aartloo  ga^a  of  tto  rapaatara  aad  tto  Uaao 
Ok,  BC,  DK,  ate.  lapraaozit  tha  eaUa  laaaaa. 

Mhan  tha  cahla  cbinsod  to  aat.  tto  |pla 
of  tto  rajnatara  analiS  to  laaa  ttoa  tto  cabla 
laaa.  Tha  dlffamca  la  loaa  bataaan  that  of 
tto  aat  oabla  aad  ttot  af  tto  dtj  caUa  aaat 
to  torea  bgr  tto  mjKlm.  ttora  la  aa  ata^^ 
aal  affactlra  aap  of  oo^anaatlac  fa:  tt.  If 
rapaataro  eouU  to  applied  on  a  dlatrltotad 
haata  (5=0}.  ttora  anold  to  ae  "left  aaai* 
affact  and  aa-ilMan  naahla  loc^  lanCth  naald  tot 


tgr  tto  lattara  ‘aZn*.  Tto  apa<rtag  onto  to  an 
aalaatad  ttot  tto  qaotlaalf  of  tto  laattk  af 
Una  to  tto  laat  repaatar  dlrldad  tp  to 
a  rfaola  atobor.  It  can  to  attoai  that  tto 
of  Utia  to  tto  laat  rapaatar,  AB  lat 

*-lAat  =  I  -a  O) 

Cl,  C 

Ttoa,  tto  toxtouB  natar  of  lapaatoiad  aaetiona 
aoald  to* 


^-laat  = 
9 


_ X 

SCI, 


lU 


AfPUCaTUdi  or  tag  BOUATliiP 


■on  ttot  tto  a«|uatlooa  ta«a  toaa  daaalopad 
lat  aa  aia  nbat  ttej  caa  tall  aa.  Tto  flrat 
•qaatioo,  lilquatian  (l),  talla  ua  ttot,  avaa 
vLUi  diatrltotad  pajaaatar  typo  ropaataia,  tto 
tmximm  laopUi  of  accapiabla  loop  dapaoda  on  tto 
cahla  odt  loaa  aod  tto  atahUity.  Tto  aat 
a<]Datloa,  Kquatloo  (2),  locladaa  tto  offoet  af 
tto  rapaatar  aparlnp  ntoa  It  la  (raatar  ttoa 
aat«. 


n  X  S  X 


ID 


Tto  dlagiaa  of  Plpam  3  ahnna  tto  trona- 
^aalnn  loaa  aloa^  tto  tilra  loop  itoa  tto  cahla 
la  not.  Tto  traaaadaoloa  loan  enmn  far  r»- 
peatarad  Ary  tfD-l  toa  toaa  anitniatad  Ip  a 
fiaactloa  that  la  aiialaalant  to  tto  Mtt^raaca 
la  loaa  betwaan  tto  nt  cabla  aod  day  cabla. 
Qndar  tbaaa  cooditlona  tto  loop  Xaaa  aeea 
axDocda  tto  9  db  Uadt  apadfloA.  Ito 
‘Icft-OTar*  affact  is  Uluatratod  la  Plpoa  3 
at  tto  5.9  alia  point.  At  Udn  podaA,  tto 
tranniiiloo  loaa  atarta  to  axjcand  tto  apadflad 
TMa  la  an  nacccptabln  ooodltloa 
MTM  thoogh  tha  aazt  rapaatar  alU  rantora  tto 
Him  to  ^lodflcotlsn  ^piallty.  Thia  nffact 
fafooee  anethar  Ualtatloa  oo  tto  astooB 
laa«th  of  Uoo, 

Tha  Tranndaalaa  loaa  Dlapraa  of  Plpora  A 
aaphaslaat  tha  laet  rapaatar  aartlM  Tto 
anal  am  uaabla  laopth  of  Una  la  Oiiad  by  tto 
point  Mhtra  tha  trmsmlsalon  loaa  ciaaaaa  tto 
Una  daalgnatioB  tha  'Spec  Unit  tto  loop  Looo*. 
la  this  ficuro  this  oeeara  at  "IT.  Itoa,  tto 
laat  repoator,  tmU  appear  at  ".IP.  Ana  tto 
pain  of  this  repeal ar  la  saactly  nyal  to  tto 
dlatanoa  batnoco  tto  L  (1,-  In)  Una  aad  tto 
Halt  Hna,  «m  taan  tto  coodltlrwa  far  aariM 
loop  length.  It  can  to  ehotai  that  tto  aaahla 
loop  length  rapraaintad  tgr  B  las 


f'aaabla  -  1 


12) 


The  dlagrea  of  Tlpara  A  ahnna  tto  leoatlon 
of  tto  last  rapaatar  Uat  nonld  plaa  tto 
aarlw  uMbla  loop  laagth  for  a  plMa  repeater 
pain.  TMt  .epaatar  pain  la  rooaldarad  la  tcraa 
of  odloa  of  dry  flald  nlia  loan  and  danl^^tad 


tte  farther  Hlnatiatn  tto  ttoaa  of  thla 
paper,  tto  oipiatlnna  nnia  appUed  to  tto  par- 
fonaanea  of  thraa  typaa  of  cabla.  Tto 
cton.etcrlotlca  of  tto  eonaldorsd  oahloo  vara 
CtabMQ  AH  fcUoiwt 

(1)  Tfaoaa  of  praaont  Plaid  dlra, 

(2)  Tboao  of  a  cable  torlng  eana  at*  nant  1  na  aa 
WD-i  bnt  lower  atablUty  eenataot. 

(3)  Thoaa  of  a  cabla  baring  hlgtor  atlmatlon 
than  WIt-1  and  lower  stablHty  eenataot. 

Tto  charactarlotlca  of  tto  ataora  cohlaa 
nara  oranhnd  Into  the  otyeatleoa.  Tto  oeatanta 
of  Table  1  tabulata  tto  oabla  data  aod  tto 
ntalm  loop  length  flgnraa  ealmlatod  for 
rarlona  asaxand  repeater  ^saclhga.  Ttoaa 
apaclnga  nara  aolactad  to  pirn  an  euct  Intogar 
for  tto  oanber  of  ropootnrnd  aactloaa.  Tto 
flrat  oeapulad  aarlann  loop  length  la  each 
group  of  data  la  for  tto  condlllaB  idara  tto 
rapaatar  apaebig  la  taro  and  tha  ounbar  of 
rapeatom  la  Infinite.  Thla  la  aa  lapimcUcal 
doalgn,  but  lUuatratas  tto  Halting  oaaa  If 
dlatriUitod  paroaetar  rapoatora  could  to  ado. 
Cnntinnlag  dona  tha  ooUan,  In  Uatsa  gyo^ia,  it 
la  aaa  that  aa  tto  buator  of  repoetara  roducoa 
or  tto  repoaiar  apaclng  Increataa  to  pcaetlcal 
raluaa,  tto  iHac  loop  length  abnliifca 
draallcelly. 

coacutatitB 

bur  diaiortatlcn  has  ast.bllatod  ttot  tto 
aboolut*  aaxlaiai  length  of  loop  la  dapamdant 
on  tto  foHorlng  factor*:  naTlaein  allonahla 
loop  loaa,  wire  atahlUty,  wlr*  attoscwtlon, 
and  nattsodad  rnpaator  spacing.  Tha 
allouabla  loop  loaa  la  eatabllabad  by  ayatan 
conalderotlona,  tto  nlr*  atablUty  and  ulra 
attanuatlcQ  are  doal^  factor*  nndar  tto  oontrol 
of  tto  cabla  daalgner.  Tto  laiatVandod  rap*et<r 
apaclng  la  tha  conpronlsa  nada  by  tto  aipi1|inant 


4— l)]niin  ea(ln>«r.  Tha  aMiUar  tha  tpactni 
tlM  cloear  tha  afpraach  1«  tha  abaoluta  aaslM 
loa^  laocth  aafi  tha  graatar  tha  a«har  of 
rapWara  loqolrat. 

Tha  aaa  of  atra  haatiic  atahlUty  mA 
attaniMtlaB  charactarlatlea  of  WO-l  ii^aaa  aa 
abaglnta  aartwaa  loop  laogUi  Ualt  of  9.7S 
adlaa  and  a  praetleal  aaylww  loop  laigUi  of 
&.9  allaa,  with  2.6  alia  rapaatar  apaetng. 

Thla  aajta  alra  vlth  Ita  atabiUtp  Ij^mnad  to 
logt  atll  bava  raatl/  laprovad  parfotaaaea.  Tha 
loop  latvgth  aoT^itoto,  ta  laftrorad  by  a  footer 
of  approxloately  four,  aiaa,  tha  ■¥!■■ 
pioctioal  loop  langth,  with  2.7  alia  lopaater 
apadAgi  la  t^roai^  by  a  factor  of  abo^  tac>. 
TteM  ara  tha  thlnga  tl*t  ara  obtalnad  by 
libproalng  tha  atabllity. 

Tha  prlaary  purpeaa  of  thla  papar  baa  baaa 
to  dlaolga  tha  *Rffaet  of  flald  btra  SteMUtp 
OB  tha  Haiclw  Laogth  of  loop*,  toothar 
poipoaa  taa  to  o^baalaa  tha  ia^iortaaaa  of  thla 
ebaractarlatle.  It  la  tha  hopa  of  tha  anthora 
ttet,  IB  tha  fntura,  ahan  alUtary  eotadeatloB 
ayateM  plaoaara  eonalilar  tha  loop,  tha  oabla 
atabiUty  ba  r— ha  rad. 


(XJ)  «  a  S  (  } 
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Thla  la  tha  eoraoetuM 
tana  afpUad  to 
a<fiaUma  (1)  la  rapcarb 
to  (lira  aqpatloo  U) 


Tha  trlanjla  foraad  bgr  aBD  la  alallar  to  tha 
t  -taogla  foioad  tgr  baoeat 
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Tha  authora  Mlah  to  aeknowladga  tdth 
gratltttla  tha  totaraat  and  aneouragcaaBt  dlc> 
pUynd,  by  Mr.  0.  tf.  hartla,  lo  tha  aubjaet 
■attar  corarad  by  thla  papar.  Sub>ct  to 
mdlltiaoal  icratltoda  la  tha  patlanca  aod 
eoc^oratton  ojcardaad  hy  our  aaeratary 
Mra.  0.  H.  Mallaoo  through  idtoao  offorts  all  of 
oar  daadllMe  aara  aat. 

appgilOU 

r-.of  of  laat  SoctloB  Eqattleaa. 

Cooaldar  Flguna  Mo.  4. 

1C  la  laogth  of  loop  batwaaa  laat  rapaatar 
and  aid  of  Idaol  Una. 

AB  ia  laagth  of  loop  batwaaa  laat  rapaatar 
mod  aod  of  practical  Uoa. 

BC  la  (AC  -  AB).  Thla  la  tha  dlffarooca  la 
length  batwaaa  tha  idaal  and  praetleal  Uoo. 

Tha  trlangla  foraad  by  ACP  la  atadlar  to  tha 
tricagla  fonaad  by  OIP  haooa 

(11)  AC  -  1 


(16)  AS  =  S  (1 

(17)  6-  :  AC  -  A* 

=  (3  li:£)  -  3  (l-C) 

(18)  BC  I  1^^  -  (l-C)  j  j 

(19)  BC  -Jl-2C  f.  s 


(20)  BC  c  3  (  1  -  C)^) 
C 


Thla  1>  tha  ocrractloo 
appUad  to  oqaatloa 
(1)  ia  tha  raport  to 
girt  aquatloa  (2)  la 
tha  report 


AC  -  _  l 


aioco  Cfw  AD>  SXq  and 
(12)  3I9 

»0»*w-CXvbT 

^  “  definition  thao 


9  (1*  -  CS,) 


Fio.  I  -'Sc««ci«AT<  or  muz  suascRificii  loot 


lAT  tMl 


LCO^  LOtf 


ntntnim. 


l»o-im€rtuM.M- 

r 


'tnc  fmr  ran  i.oo»  lom 


>  t  «  •  •  to  It  14  l«  •• 

L.tOOr  l.tN«TN-«4ILC« 

F)«.»-THAN$MISSION  LOSS  0UCII4M  FM  »rr  FICLO  WMCIWO-O  S MILt  WFCATOI  SMCMC 

(  AT  laui. 


TTMCALMCtl 


ISAce  LM«r  rim  loot  LOMi 


4  %'  • 

-  . 


f  M%  /  •  I 


1  ^  • 
«  '  \  /  A 


f  •  • 


t,LOOF  WtNftTH-Mtl.Ct 

ria  4  -THAHMNStol  LOS  OA6MAM  ClM>HASlZlN§  LAST  AtrCATtil  SCCTlQN 


*JBG  .uUaTS 

?yi  Xr^  A  0.  rielaon,  Hmv7  Elflctronle*  !>(ipartj>ent,  Gen«rul  tlecVrU  Oft. 


Rlr^  trrftTt,  ftft  priestly  pictured* 
conaUt  qT  fftTeril  ccmcftctrie  rings,  ftsch 
Mdft  t9  of  ft  numbftr  of  ftleftftntft.  An  ftrtlftt*ft 
coDcvption  ©r  thft  ftTTftj  1ft  ftboMT.  In  flgxirft  U 


For  i»st  appllcfttlonft  tha  army  would  probably 
be  placed  flat  on  the  earth's  surface  with  no 
vertical  entent  except  that  of  the  aleraanta* 
There  are  however  eppllcallooft  such  as  tele- 
•aterlng  in  which  the  elener.ta  of  the  ar'^ay 
are  directive  and  tore  en  rjisse-  rllng  arrayi 
can  be  built  with  no  vertical  projactlcn  at  all« 
if  their  coverage  Is  restricted  to  higher 
elevation  angUe,  Tba  use  of  slot*  for  el«.-.ef.ts 
Id  thft  array  ift  possib:#.  Vertical  polarl:atic7n 
la  necessary  In  this  array  for  thft  vary  'cw 
anflft  coverage,  but  at  thft  higher  elavatl'*n 
angles  ar^  po!^r^^atlcn  can  be  vaed. 


ring  has  been  Inyestl gated  ty  ftavend 
people  lUectrlft* 


Pattern  touationft 

Iti  calculating  the  for  flftld  pfttiftTft  ftf  ft 
ring  array*  th#  coordinate  syftte*  eboM  bftlftif 


Is  used* 


flGURC  t 


A  general  array  consists  of  N  rlft0l 
and  rj^ny  elerents  per  ring.  These  asdiMBft 
ftlor^nto  are  assured  ocj^ldlrectlonal*  Pint 
let  us  consider  •  single  ring  with  redla*  fn* 
Thft  center  of  the  ring  i»  used  at  a  phase 
reference*  the  array  factor  Is  4ssftlly  f««o4 
by  adding  thft  contributione  of  each  elMot 
to  the  field  at  sor^e  general  far  field  pftlat  P. 


hy  thftlr  nature,  flat  arrays  must  have  a 
very  large  boritontal  dlAenslcn  for  a  narrow 
beaavldUi  near  the  horlson.  Any  atter^t  to 
re-iuce  the  borlsontal  size  Involves  either 
adllng  a  vertical  dlaeoslon  or  rechanlcal 
•ovoaent  of  directive  eleaents,  such  aft  end-flro 
radiatora  or  reflectors* 

I>)e  to  the  array's  large  horiiontai  extent* 
'.ae  beaA  of  e  flat  aJTftj  becocies  very  narrow 
nsar  broadside.  This  narrowing  can  be 
eliftlnated  by  dropping  the  outside  rings  when 
the  bean  Iv  directed  to  near-zenlth  positions 
or  by  properly  phasing  th#  rings  with  respect 
to  each  other* 

^ilstory 

The  principle  of  feeding  antenna*  in  ft 
ring  with  CdiTcnts  of  the  aaae  numerical 
value  tut  with  e  phase  U»et  increases 
unlfomly  along  the  circle  was  Investigated 
as  early  as  19?C  by  H-  Oilrel*-'''  An  antenna 
siallar  to  the  Chlrelx  type*  and  one  involving 
concentric  ring*!  was  eroposed  end  studied  17 
Hansen  and  tfoodyard(2)  In  1938  and  furthwr 
investigated  by  Hai>.‘^on  and  Molllngvorth  m 
1939*'^'  Ring  arrays  with  axial,  tangontlftl, 
or  radial  eleaents  were  explored  ty  F.nudsen  as 
recently  ss  A  two  ring  steerable 

boa*  coa-iunications  antenna  was  built  In  1953^^' 
•  t  Vrlght  Field,  Dayton,  Ohio*  Th#  single 


3  2-o» 

*=’  (1) 

Vh«r«  ;i  *  (t-.pmud#  pr  lllunJn«llon  of  .lo*.Bt  I 

=  P»W30  of  lUualnmtloo  of  .Iwf  t 

C’^  -  locdtien  00  Us.  of  t. 

If  th«  pku-*  of  Uio  ln<31»l<Ju»l  la  th. 

ring  l3  tdjustsd  tc  cancel  the  phu.  1.  eqf>.tjx* 
(1)  at  an  angle  B,,*  **“  fonoed  hf  th. 

arraj  will  h«  steered  to  the  dlr«:tlo*  *o« 

The  lllunlnatlon  ol  the  rlii,  of  rulle.  1* 

V  fi  Tl 

1  -  eap 

(2) 

and  th.  Tor  field  pattern  la 

r  I 

-  a  li*co.(*~*^)^ 
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If  th*  nuBber  of  alaMrt*  in  th«  rlnc  bacoaM 
larg*  tht  auBiattoci  b«co«Ma  an  latagral. 

f 

?,(?.«)  ®  ^  •*?  3  \  ~x 

.  X  |^»li:C^^eos(#^_-«' )-Blr#coi(c>-<*  )]W 
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In  tha  gsnaral  caae  thara  ulll  ba  S  rings,  and 
tha  far  field  array  pattern  eaji  ba  found  t» 
r - i-j  the  effects  of  the  ladleldual  rloga. 


M 

g(e,e)  aj_g,(6,(») 

•*i 

B=1  ® 

-  alnec(ia(»-«Mj}d#* 


<5) 

Folloving  Knudaan^^^  tha  trlgoaoaatrls  aub- 
atltutlona  below  will  ba  nade4 

alit0co»O-tln9.  eoa# 

'»*.»= - 


=  rJ^Calnecoa^alnfl^coa*^)* 

•  (alnSaia^alnd _ alnd  )^r 

Os  OS  J 

mxut  um^«m  ffvOotlVAlons  Um  Tat  flold  pAttors 
c«A  bo  uritWn  AO 

g(b.«)  J,*'  )ax|>-j[|3p^coa^(pHp*  )Jd** 

(b) 


»=0 


it  Ini*)  3a  a  conntaat  In  •'  tha  intagratloa 
can  l«  porforaad , 


r  **»- 
*(6.0)  a  })u,r^3o(— ) 


■=1 


(7) 


lat  ua  briariy  InTeatlgata  a  alsglc 
rln*  of  radiua  a.  The  nomaliaad  array  patten 

la 


'8) 


Itia  far  flald  pattara  of  a  alitgla  ring 
antanna  la  thua  a  aaro  order  Baaaal  function* 
The  flrat  aida  loba  af  auch  a  pattern  ia  only 
8db  down  froa  tha  paak.  Tha  Mb  polnta  ccour 

at  a  t,127.  Thaaa  ralatioaahlpa  bold 

indapandent  cf  tha  fern  of  The  baaa  ahap* 
at  a  function  of  6  and  0  cbangaa,  of  eouraa* 
depending  on  tha  nine  of  6^  aod  On* 

If  Oo  a  3  0  tha  baaa  ia  broadaida  to  tha 
ring  and  tha  pattern  la  ali^ly 


a  J^(^*aiBB) 
(9) 


If  I  f  ^  0  tha  baaa  ia  ia  tha  plana  o'  Um 
ring  and  tha  pattan  la 


*l(8fO)=Jjj^^*^(al»Bcoaa-1  )*»(aln9aia0)^^ 

(10) 

If  wa  further  aart  0  3  0  aeti  dotamino 
Um  alarati(»  pattern  «a  bare 

*,(8.0)  =  jJ^^alnh-l)]  =  jJ^^(aln*  |)] 

(11) 

Vhila  80  3S,owO,  ifwa  let  •  a  S  ue 
obtain  tha  aalja>tt  pattam. 

3  J^{^^(eoa^1)*»(alnd)^} 

(12) 

nnally  ii  aa  eonaidar  p  c  0,  •  ■  0  tha 
hana  le  directed  to  a  general  aHratlSo  argla. 
If  we  let  p  3  0,  aa  aleratloo  cut  la  ehtalaad. 

«»(9.0)  =  jj;(^)(.l„p^-,U,6)] 

(15) 


AV  aa’.-n'. 


A  .V.-. 


^  a*. 


.  a-'-*  4'- 


15% 


TT-I*"*  tMitt*>T»»  »r*  show*  In  ?!£»«•  *t  “>• 


on«  c«»«  of  wroy  3yn,ho«*»  wh«r«  th«  «l»««nt« 
uttPA  to  bo  dlroctlvo,  a  Cauaalao  quadratupoo 
formila  waa  used  to  deteroine  the  radii.  Suofc 
a  foreula  gl^es  on  oxcollont  approxloatlon 
to  the  dtslrad  function  for  a  reitrlcted  angle. 
Outaida  thla  angle  the  eleaont  directivity 
la  utilised.  The  use  of  auch  a  foraula 
allevlotes  the  problee  of  aalactlon  of  ring 


Haunt  a  a»»e  oust  as  tfwwvwa 

V>  <Lt..TO«  iJUlt 

>  aa  a  ico*  •  ueect  *«  a»>V»es 

The  effect  of  tea*  broaienlof  as  a  function  of 
elevation  angle  of  the  boa*  Is  evident. 

For  aailtlple  rings  the  petloms 
elngle  rings  are  added  as  In  &Juatlon  (7).  The 
basic  building  block  for  a  aailtlple  ring  array 
Is  a  lero  order  basael  function  -  a  function 
that  will  not  produce  echelon  lobes  “heo  large 
ring  spaclngs  are  considered. 

In  pautem  synthesis  with  ring  srreya 
there  are  at  least  these  varlsblas  that  can 
bo  adjustod.  Tbesa  ara  relative  aeplUuda  of 
lllunlnntlon  of  the  uarlous  rings,  relative 
ring  radii,  and  bean  dlrectloa  of  tha 
individual  rlnga. 

When  the  nuaber  of  rings  used  Is  stiall, 
there  are  olnltaua  a  Ida  lobe  levels  t^t  ^ 
be  achieved.  U  has  already  been  noted  ttat 
with  a  olnjla  ring  there  la  a  aide  lobe  of 
£db.  Fur  a  two-ring  array,  aide  lo^a  of 
12.Jdb  have  be-n  achieved.  For  a  Ihre^ring 
array  the  r«l-  e  aide  lobe  wes 
15.Mb.  Figure.  6  and  7  show  a  two-  aM  • 
ring  pattern  respectively,  is  the  nuaber  of  rings 
Increaee  the  side  lobe  llulUHcn  dlsappeara, 
and  U  bocores  pnsslbla  to  create  patterns  wlU 
arbitrarily  low  aide  lobes,  novover  selection 
of  ring  radlue  and  arplltude  of  lll.alnstion 
for  the  various  rings  becoiws  a  proble*.  In 


Pattern  Cocoutatloni 
The  pelteme  shown  were  generated  wltl. 
the  eld  of  an  analog  cocpuler,  on  which 
Bessel'a  equation  of  lero  order  may  be 
easily  solved.  The  cociputor  circuit  used  Is 
shown  below,  with  the  oquqtlon  It  aolvea. 

^  ♦  1  ^  =  0 


dt 


t  dt 


For  a  Dultlpla-rlng  pattern  one  circuit 
la  required  for  each  ring.  Varying  one 
potentlocoter  has  the  effect  of  changing  tha 
strength  of  lllunlnatlon,  and  varying  tha  other 
haa  the  effect  of  ch,ai\glng  the  ring  radlua. 
Effectlvs  been  direction  Is  changed  ty  adjusting 
initial  conditions  on  tha  Intagratora. 


■i 


ISS 


It  If  Interfctlnc  Vo  r>ol«  that  this 
circuit  alito  ffncraVff  in  function  ^l(u)  and 

•I 

Kuiabcr  of  Cleiaenta  par  Xing 
An  analyalf  bf  RnudsenV^)  shown  that  for 
a  aingle  rin{;  the  pattern  equatlona  can  'je 
written  in  dirrerent  depending  on 

whether  the  nu.Oer  of  elesientj  In  the  rir-j;  la 
tren  or  odd« 

t1  evett 

O  A  i.  <|n  A  * 

qal 

r  odd 


-  3j^J(2Tl)y  -;K2q*1)M 

where  V.  *  nu-nber  ot  elerverts  per  ring. 

In  both  expressions  the  lending  tare 
if  the  far  field  pattern  factor  for  e  firgle 
r^ng  ar.lfnAa  with  an  ir.finllel/  Urga  nuobor 
of  eleaante.  The  recAinlng  ters.1  ere 
corrbciion  terfu  whose  nagnitude  depend 
on  the  nu&ber  of  ele«enU  per  rir^,  the  ring 
radiufi  end  the  btan  position.  If  the  nuaber 
cf  ele(&erttf  ia  large,  only  the  lowest  order 
f/,rrectlOfl  teru  wlM  he  '^portent.  Even 
thia  ter«  w*il  be  asull  if  the  order  of  the 
Bessel  <*ancMon  la  lerge  in  coiapariaon  to 
the  er^uaent  of  tha  functinni  that  la  M  >  • 

The  eftnieuai  value  of  p  ia  2a  or  tvice  the 
radius  of  the  ring.  (Thla  occura  for 

®  “  ®o  *  5  "  *0^  =  When  p  =  2t,  M 

■uat  be  larger  then  and  tha  eparing  of  the 
eUnenta  around  the  ring  should  be  of  tha  order 
of  ^  •  T><la  apeclrig  agrans  wUh  the  ^  criteria 

used  io  linear  arrays  to  insure  the  existence 
of  e  single,  well-defined  eexleua  in  the  far 
field  petteros 

If  the  lees  is  confined  to  higher 
elevation  ariglas,  the  spacing  can  be 
Increased  sligl.ly,  since  the  value  of  p 
decmasea.  This  feet  is  e'sSO  pointed  out  by 
Ta-Shln^  Chu('M  in  sn  article  conc6ri«ed  with 
the  use  c  '  L'rcuJar  arraye  uo  obtain 
oorldirectional  pettame. 

ftaesa 

In  sn  anvironiaent  requiring  hardened 
antennas  and  fuTvtionrl  flexibility,  the  ring 
•  r^ay  of^'ero  considerable  proalae.  Tha  array 
la  flat  ar.d  should  therefore  lie  easier  to 
harden  than  forms  with  large  vartlcnl  "vtaDt. 
Feing  an  array,  it  has  all  the  flsxlbllW^ 
of  '>tSer  arraya,  ai>d  Ir  addition  it  has  an 
asieuthal  syreetry  that  is  )»artlcu  larly 
useful  in  eases  wi»ert  it  is  necessary  io  ecaii 


or  track  360^  In  axinutlw  &  nerrow  aaiieitli^ 
shaped  elovAtion  tnoa  for  scanning  ie  easily 
forneb  by  proper  phasing  oX  the  eloMentSv 
Klnally}  e  ring  array  with  rings  of  greetly 
difforont  mdil  has  no  vide  angle  diffraction 
lobes  auch  as  Ihooe  that  arise  in  building 
unlforo  “ ‘Octangular  arrays  with  widely 
upaced  elenants*  Thus,  for  large  orr^ya  the 
nuAber  of  elements  can  be  syt: tenet  1  cully 
reduced  ly  placir^  thea  in  widely  epecod  rlnge* 
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TRACKING  TRAINING  RESEARCH  AT  THE  O.  S,  MAVAl.  TRAINING  DEVICE  CENTER 
By;  Mr-  G«n«  Mich«U«  Hum**  Engineering  OepertiA«ai«  O.S.  Nevnl  Treinlng  Device  CcxUer 


SkiUe  celled  (or  In  milLUiry  eituetlcna  here 
chnrecterietlcelly  tended  to  be  of  a  perccpdonl- 
motor  nature;  lor  example*  trecking  e  ruder 
bUp*  etecring  e  eubmerlae*  tiring  e  rlDe  or 
dri  vlng  «  tenb.  Common  to  a  wide  variety  oC 
tlieee  ekille  ie  the  teek  of  tracking*  Ibat  Is.  a 
continoouJ  perceptuel-motor  coordination,  or 
in  other  words*  (oilowiog  and  'Tiaing  up**  a 
eyetem  with  some  other  eyetem. 

Tracking  taake  may  1>e  grouped  according  to 
the  fonctioos  re<iuired  ol  the  operator,  ae 
toUowe: 

1.  plotting  or  following  taake 
Jl-  Flexible  gunnery 
HL  Vectoring 

A.  Radar  tretllc  control 
B<  Ground  and  air  controller  inter* 
cepte 

C.  Aerial  fixed  gunnery 

TV.  Vehicular  control 

A.  Fixed  wing  aircraft 
fi.  Rotary  wing  aircraft 
C*  Submarine  depth  control 

D.  Submarine  and  ehip  atcerlng 
£-  Ground  vehicles 

P.  Remote  contralled  vehicles 

The  categorlis.  while  not  completely  ex- 
clusire  from  coe  another,  show  the  varioos 
types  oi  nu  tual  tracking* 

Thif  paper  is  a  review  of  4  continuing  pro* 
gram  oi  humao  engioeering  and  training 
research  in  human  trackiog  behavior  which  is 
condncicd  by  Ihe  U.  5.  Naval  Training  Devics 
Center.  The  purpose  of  t'ue  research  program 
wbuh  is  rev.cwed  here  ie  to  Improve  honr^ax 
military  performance  through  devising  techsA* 
ques  devices  for  training  Jtodents  in  ths 
development  of  tracking  skills-  Participating 
this  resesrch  program*  which  is  planned, 
oifsnised  and  superviei.  ,*7  the  U.  S.  Naval 
Tialni'jg  Device  Ccnlef,  are  various  academic 
and  industrial  organiaatiooS-  Thle  paper 
tracee  the  cvolutico  of  this  research  as  a  fuse* 
tico  of  both  changes  is  expe rin»er4sl  Cechniqtws 
sod  ope rattor-al  requireroeott. 

The  ea  rllevt  studies  in  tIUs  research  pro* 
gram  employed  the  traditional  scientific  technic 
que  ol  bolding  most  of  the  variables  in  the 
fracking  situation  conatant  while  sys'erriatlc  *»y 


varyiag  the  particular  (actor  under  investi* 
gallon  In  order  to  determine  its  effset  M 
tracking  performance.  This  was  ths  ierhniqoe 
used  by  State  Univereity  of  lows  researchcro 
from  IddS  throogk  1947  to  imf  rove  Gexihle 
gannery  performance  through  the  design  and  new 
of  apecUlc  training  equipmsnta. 

These  etudics  were  followed  by  extensive  1»* 
eastigaUoos  •.onducted  by  Ths  Johns  Hopkins 
University  and  University  o.*  Rochester 
peychologlata  on  the  effecte  of  the  location  and 
4caiga  ol  dieplays  and  v.ontrols  on  human  track* 
lag  performance.  Studiea  were  also  done  on  the 
effecta  that  various  radar  control  eetUnge. 
target  charactsritlics  and  target  loads  would 
have  oa  the  performance  of  radar  tracking  taeks. 

b^ormatlon  of  the  following  nature  reeulted 
Iromtheee  atudlcs  (Johns  Hopkins  and  Rochester): 

a.  Controla  ahoold  be  located  eo  that  when 
the  tvHion  of  the  hand  in  moving  the  control  la 
in  one  direction,  the  display  moves  In  the  earns 
directioa. 

b.  For  n  range  of  target  slses  from  l/B**  ts 
practice  with  a  target  of  one  else  has  tbs 

same  tralniog  effect  at  practice  with  larger  or 
smaller  targets.  Wito  this  range  of  targets*  s 
skill  Ir.arned  with  one  sisc  of  target  transfers 
completely  to  a  new  task  using  a  different  sis# 
ol  Uryet. 

c-  The  optimal  gear* ratio  between  a  crank 
and  the  cursor  of  a  typicsl  radar  PPl  depends 
mostly  upon  the  angular  distance  through  which 
the  cursor  moves  to  ^et  on  the  target. 

Today,  In  retrospect*  we  can  say  that  *h>*ss 
earlier  inveeligaiioAs  studied  relatively  els* 
mrotery  and  basic  skill  YeU  they  met  ths 
needs  of  th^ir  Unr.e  and  .  rovlded  valuable  rs* 
eelte  sn/  «  Jications  for  the  development  cd 
training  c^>iccs  and  trebniques* 

Ae  fuilUary  techr.  togy  advanced,  ths  prUr* 
ciple  Hacking  requirement  became  one  of 
vr'uiculsr  curdfol-  In  this  situation  the  human 
elemsn*  performv  in  a  continuous  closed-loop 
system.  Research  was  begun.  arvS  is  ccn*Lnalfi|^ 
related  to  the  dynamic  festurer  of  this  closed- 
loop  sltoetioo.  In  these  researches  many  vari¬ 
ables  ars  permitted  to  operate  slmuhancously. 
in  centrssi  to  Ihe  earlier  studies  wbcrslA  ordy 
cioe  variable  was  manipulated  at  a  time.  An  Ins- 
oortent  result  of  a  statistical  technique  which 
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mAK«*  this  approach  poiaibla,  tha  analytia  at 
Tariaaca,  it  tha  detarminatlon  c<  tha  inlar  - 
action  affacta  amoof  tha  aarlahlea:  that  la,  tha 
rtlatlaaahlp  amoaig  than  aa  thap  all  vary  at  tha 
aama  tima. 

A  ttwtf  arat  Riada  by  DactrU  Boat  Company 
OB  tha  extent  ted  character  of  tha  alrnolatad 
dynaralca  nacaaaary  to  develop  aklUad  aohraar* 
Inc  operator  parfortaanca.  Tha  parpoca  waa  to 
detemina  how  cloaely  a  tlnalalor  moat  coira- 
apond  to  operational  a^ulpnvaid.  In  thla  caae  a 
ooe-naan  control  at  a  hl|h  vpaad  aohmarlna  la 
couraa  and  depth.  The  variatlona  la  tralniaf 
eHectlveneat  obtained  onder  Uva  dlUarcot 
levelt  of  fidelity  of  aimoUtlon  ware  damon- 
atrated  In  a  coin  rolled  ailuatloa  for  three  major 
taake:  depth  changlnx  only,  cource  changing 
only,  and  almultaneona  depth  and  conraa 
changing.  One  groop  of  man  eraa  trained  at 
each  level  of  lUnulator  complexity.  Following 
training,  all  five  groopa  were  taated  for  profi* 
Clancy  la  controlling  the  moat  complex  almn- 
lator.  i.e.,  tha  one  which  moat  cloaaly  raaam- 
hled  an  actual  tubirtarina.  (An  actnal  rub* 
marine  wae  not  need,  the  aeiumpttoa  being 
made  that  the  elmolator  waa  aalUclently  like 
the  real  thing  that  prouclcncy  In  controlling  tha 
aimulator  would  be  a  direct  iiuUcailoa  of  pro> 
Sciency  in  coetrolUng  a  aohmarlae.) 

From  Ihle  experimeotal  daeign  It  waa  poa* 
albte  to  determine  how  much  beoafit  wae  de¬ 
rived  from  training  on  each  of  the  four  almpU- 
Qed  elmuletore.  The  reeulle  ebowed  that 
training  on  a  relatively  inexpenaive  end  eUnpla 
submarine  aimulator  permita  tralnaet  to 
switch  (or  traoafer)  effectively  to  a  n,uch  more 
complex  end  expeneive  aimulator.  There  were 
no  atetlatlrally  aignlOcant  diflcrcncee  between 
the  f  roupa  trained  on  varioue  degreea  of 
elmulatlan.  However,  there  wae  a  general 
trend  for  proficiency  to  be  greater  for  the 
groups  trained  on  the  more  complex  tlmulatora. 

For  training  device  design,  thle  study  pro¬ 
vides  valuable  information  on  the  degree  to 
which  an  operational  eiti.atlOQ  ehould  be  elron- 
lated  for  effectiva  training,  cooeidering  In  addi¬ 
tion.  tha  lector  of  coal.  The  data  suggeei  chat 
while  training  elfucUveneea  Incraaeea  with 
Incrcaalng  coat,  it  does  so  lu  pvopocticnally 
smeller  amounts.  Therefore,  a  few  dollars 
added  to  the  coat  of  almple  elmnlatore  lend  tw 
increeac  training  elfcctlvcneae  to  a  mach 
greater  extent  thao  the  sainn  aroonnl  added  t* 
the  coal  of  a  more  complex  and  expensive 
slmwletor. 

A  series  of  experlmente  wee  conducted  by 
Ohio  State  University  to  Investigate  the  role  of 


tha  homan  operator  as  a  aenaor  lx.  a  coci^klas 
man-machlna  system  with  the  objective  of 
determining  design  reqairemantt  for  tracking 
training  davlcni.  Two  of  these  expeximanta 
were  concerned  with  the  effecta  of  aogmanted 
feedback  on  tha  acquialtion  of  aklll  In  a  tracking 
task.  (Angmented  feedback  ie  definad  as  ra- 
dondant  feedback  preaentrd  daring  training  in 
addition  to  tha  cues  provided  by  the  tracking 
teak  itself,  h  is  need  even  though  the  leedback 
from  the  task  Itself  la  adequata  (or  hlgh-lcval 
parlormanca.) 

In  tha  first  etody,  the  invcellgatore  aonght  to 
determine  the  most  eflicimt  range  from  the 
target  at  which  to  introdocc  the  augmented  feed¬ 
back.  Four  condltioBS  were  used:  (a)  a  broad 
arror  tolerance  group  that  received  the  ang- 
mented  feedback  (a  click  amplified  through  a 
loudspeaker)  even  when  the  tracking  cursor  was 
coatelderably  off  tha  target  blip  (tha  permlaelbla 
error  waa  broad  enoagh  to  allow  augmsntad 
feedback  to  ba  received  about  of  tha  tlms  at 
(irat);  (b)  a  medium  error  tolerance  group  that 
received  augmented  feedback  approximately  Sl% 
of  the  time  at  first;  (c)  a  narrow  arror  tolcrancs 
group  that  received  augmented  feedback  about 
14%  of  the  time  at  (irat;  and  (d)  a  group  that  re¬ 
ceived  no  augmented  feedback  at  all. 

It  wae  found  that  the  group  which  did  not  rs» 
celve  any  augmented  feedback  at  all  gradually 
improved  a  little  with  practice.  (Alter  all,  it 
did  have  eomc  feedback  --  the  treloeae  could  sea 
how  well  they  were  tracking.)  This  group  did 
not,  at  any  time,  attain  the  tracking  prollciency 
reached  by  the  three  group*  that  did  receive  aug¬ 
mented  feedback.  The  group  with  a  broad  arror 
tolerance  performed  beet  at  Ural,  but  Its  ira- 
provemeot  eoon  tapered  off.  Tracking  perfor¬ 
mance  of  the  medium  error  tolerance  group  was 
not  as  good,  at  first,  a*  that  of  the  broad  band 
group,  but  It  eventually  surpassed  It.  Similarly, 
the  initial  tracking  performance  of  the  narrow 
error  tolerance  group  wae  the  poorest  o{  the 
three  group*  receiving  aii|jm*nted  feedback,  but 
Its  improvement  continued  the  longest,  until  It* 

•  recking  proficiency  was  tbeheet  ofall  the  group*.. 

The  Implications  of  thee*  findings  are;  (1) 
augmented  feedback  increase*  level  of  Irscklng 
performance;  and  (2)  the  degree  of  (racking 
arror  permitted  within  which  augmented  feed¬ 
back  can  be  racelved  Inflocncoa  tha  rata  at  which 
performance  Improve*. 

In  the  second  etody,  tracking  performance 
ws*  determined  as  a  hjovtlon  of  both  the  error 
tolerance  band  around  iJw  target  and  the  sched- 
sle  of  augmented  feedback,  that  is,  e  fixed 
amount  (not  reipanslvs  to  increac*  In  rklJJ) 
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veriui  «n  amount  tbat  increated  when  akiU  In 
tracking  increaaed.  An  interaction  occurred 
L-ctween  the  tire  of  the  error  tolerance  band 
around  the  target  and  the  tchedole  of  an^mcn- 
ied  feedUick.  Thia  interaction  reaulted  in 
higher  levela  of  tracking  akill  for:  (a)  trainees 
»ho  bad  a  narrow  error  tolerance  bandin which 
to  receive  augmented  feedbcckbotwithaeched- 
ule  that  permitted  the  amount  of  angmemed 
feedback  to  increase  with  increase  in  tracking 
akill  and;  (b)  trainees  v/ho  had  a  broad  error 
tolerance  band  within  which  to  receive  ang- 
merued  feedback  but  with  a  achedole  that  did 
not  permit  the  trainee  to  receive  morethana 
specified  amount  regardless  of  skill  level. 

Thus,  in  selecting  the  amount  of  augmented 
feedback  for  a  particular  tracking  training 
situation,  it  is  important  that  both  sise  of 
error  tolerance  band  and  ochcdule  of  acetnen- 
tej  feedback  be  considered,  as  they  donot  in¬ 
fluence  the  acquisition  of  tracking  skill  inde¬ 
pendently. 

A  preliminary  investigation  of  tracking  train¬ 
ing  by  Dunlap  and  Associates  resulted  in  n 
categorization  of  tracking  tasks,  the  develop¬ 
ment  of  a  descriptive  model  of  tracking  b-ehav- 
ior  designed  to  encompass  all  tracking  tanka 
and  the  development  of  a  group  of  hypotheses 
conrerr.-d  with  the  transfer  of  training  in  vehi¬ 
cular  tracking  tasks. 

As  a  follow-up  to  this  area,  by  applying  ths 
preliminary  findings  to  a  representative  track¬ 
ing  task,  namely,  submarine  depth  control,  the 
researches  found  that  several  hypotheses  pre- 
vioualy  formulated  about  tracking  training  were 
verified,  while  others  were  rejected.  The 
major  findings  Indicate: 

a.  The  most  important  single  factor  in  ac¬ 
quiring  tracking  skill  appenrs  to  be  practice. 
Thus,  high  levels  of  tracking  skill  may  be  de¬ 
veloped  relatively  independently  of  intellectual 
comprehension  of  the  dynamics  of  the  tracking 
system. 

b.  Wide  variations  of  the  system  eqaations 
in  the  equipment  did  not  affect  relative  tracking 
skill  to  any  significant  degree.  That  is,  large 
changes  in  the  tracking  task  did  not  appreciably 
affect  tracking  performance. 

These  findings  permit  'Jis  generalization  of 
recommendations  to  any  vehicular  tracking  tasl^ 
Inclicding  submarine  depth-keeping  and  steering. 
The  recommendations  are:  (1)  trainees  should 
be  given  as  much  practice  on  a  training  device 
ai  possible  in  preference  to  lectures  or  class¬ 
room  work;  (2)  training  by  IccCares  is  of 
limited  value  and  should  be  used  only  to  provide 
aa  adequate  insight  into  the  over-all  purpose  and 
character  of  the  tracking  task;  and  (3)  the  traio- 
ij  2  device  docs  not  have  to  simulate  the  com¬ 
plete  system  In  order  to  be  effective.  Adequate 
sinuiJation  of  the  system  dyr.amica  should  be 


done  hut  preefse  simulation  of  controls,  dis¬ 
plays  and  task  environment  is  not  necessary. 

B  shoold  be  noted  that,  since  tracking  per- 
formancs  was  only  slightly  affected  by  siaeabls 
changes  in  the  system  equations,  significant 
positive  transfer  may  occur  from  one  complex 
tracking  task  to  others. 

In  other  words,  the  researchers  began  to 
suspect  that  tracking  skill  was  not  really  speci¬ 
fic  to  particular  systems,  but  included  both 
general  and  specific  components.  Increases  in 
skill  with  training  appear  to  depend  not  only  on 
mastering  a  given  vehicle,  with  its  particular 
indicators,  controls,  and  dynamic  characteri¬ 
stics,  but  also  on  the  growth  of  a  general 
psychomotor  skill,  resulting  in  better  operation 
of  a  wide  range  of  vehicles.  It  was  believed 
that  such  a  general  tracking  skill  might  best  be 
developed  by  an  inexpensive  trainer  designed  to 
provide  a  wide  range  of  tracking  systems,  that 
is,  a  general  tracking  trainer. 

Experiments  were  conducted  to  determine  ths 
existence  and  nature  of  a  general  tracking  skill 
or  skills.  One  problem  studied  was  the  asses¬ 
sment  of  the  degree  of  transfer  from  one  simple 
general  program  of  tracking  training  to  three 
different  specific  tracking  systems.  The  equip¬ 
ment  gave  practice  on  slow  and  fast  one¬ 
dimensional  tracking  systems,  for  which  stabi¬ 
lity  was  varied,  becoming  more  unstable  as 
skill  increased.  Then  the  trainees  were  tested 
on  three  conditions;  (1)  stable  submarine-liks 
condition;  (2)  unstable  submarine -like  condition; 
(3)  aircraft  condition  (jet  aircraft  altitude  con¬ 
trol  system  with  disturbance  functions).  (These 
systems  were  simulated  on  an  analogue  compu¬ 
ter.  ) 

The  results  demonstrated  that  the  general 
tracking  trainer  established  a  considerable 
amount  of  skill  which  was  transferred  to  the 
three  test  tasks,  confirming  the  hypothesis  that 
general  tracking  training  produced  important  in¬ 
creases  in  skill  in  the  control  of  systems  having 
widely  different  dynamic  characteristics.  These 
increases  in  skill  are  probably  equal  to  or 
better  than  that  which  would  occur  with  specific 
training  on  the  test  (operational)  systems.  It 
is  surmised  that  general  training  gives  an  addi¬ 
tional  profit  in  that  a  skill  developed  through 
general  training  has  a  very  broad  base,  and 
might  in  the  long  r'ui  prove  more  valuable  to, 
say,  a  pilot  who  will  fly  many  varieties  of  air¬ 
craft  in  his  lifetime  than  would  any  specific 
tracking  skill,  no  matter  how  highly  developed 
it  miglit  he. 
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Evidence  confirms  ihst  vehlcaUr  trslnlnf 
hsa  Tsry  wide  transfer  value.  Whether  this  ie 
truly  due  to  a  clutter  of  human  abiiitlee  that 
could  be  called  a  generalised  tracking  ability 
re^uiret  further  validation.  However*  il 
further  work  doea  validate  tbie  hypotheale.  It 
would  permit  the  development  of  tracking 
trainere  of  a  more  unlvcraal  nature  with  coaae- 
^yent  wide  utility  in  teaching  fundamental 
tracking  ekille,  Convereely.  the  expeneive 
development  of  epecific  tracking  trainere  could 
be  reduced. 

We  eaw  how  in  the  past  the  rceearch  conduc* 
ted  has  changed  due  to  the  introduction  of  neer 
experimental  tecKniquee  (the  uae  of  the  etatie* 
tical  technique  known  ae  analyeie  of  variance 
and  the  use  of  analogue  computers)  and  how 
operational  requirements  have  resulted  in  gun* 
nery  tracking  giving  way  to  vehicular  control 
aa  the  principal  auhjeci  of  inveatigation. 

In  the  future*  much  effort  will  be  exerted 
toward  eliminating  the  human  as  a  precise  and 
continuous  tracker.  Machines  will  be  designed 
which  can  track  more  preclaely  and  respond 
more  quickly  than  any  human  operator.  Such 
machinee  wiM  take  over  many  of  the  funettone 
now  being  performed  manually;  for  example* 
for  eubmarines,  automatic  depth-keeping  and 
depth-changing  at  desired  pitch  rates;  for 
ships  and  submarines,  autonrulic  steering;  for 
air  combat  and  anti-air  warfare,  automatic 
tracking  of  targets,  computing  of  intercept 
coureee  and  firing  of  missUea.  While  the  ad¬ 
vent  of  autoirLition  in  military  science  makes 
the  roles  of  the  hums*,  being  in  this  closed-loop 
situation  less  of  a  c  ^ntroUer,  tbs  human's 
role  as  a  censor  becomes  more  important. 

This  is  due  to  the  (act  that  no  mechanical  or 
electrical  device  in  the  foreseeable  future  will 
naatch  the  eye*  a  sensitivity,  resolution  ability, 
or  ability  to  organise  and  interpret  a  wide  vari¬ 
ety  of  Inputs  (for  example,  color,  brighwness, 
texture,  form.  etc.).  Therefore,  wheo  the 
system  inputs  are  higMy  complex  and  ere 
critical  to  the  success  of  the  tracking  task,  the 
human  will  supply  the  inputs  to  the  system. 

For  example,  the  control  of  ground  vehicles 
atsd  the  tracking  of  ground  targets,  either 
visually,  with  television  or  w'th  radar,  are 
tasks  which  will  probably  continue  to  involve 
lusmso  tracking. 

Consequently,  future  rceearch  plana  will 
eOKkCcrn  themselves  with  the  sensory  role  of 
the  operator.  In  the  development  of  thie  skill, 
attempts  will  bs  made  to  form  a  basis  for  prer- 
graernung  training  equipment  to  very  in  dlffi- 
cslty  ae  a  function  of  the  increasing  skill  of 
(he  trainee.  Work  will  be  done  on  the 


programning  of  txackisg  Imiaoro  to  glYO  thorn 
the  capability  of  automatically  msHag  tha  tank 
aaora  difficult  for  tha  operator  aa  bo  ac^airoa 
a  greater  akUl  aa  lha  task.  Okie  wey  tkla  wiU 
be  atteokpted  U  by  having  the  aiaa  of  a  circlo 
esldch  circamacribca  the  reticle  of  a  CRT  ha  a 
fonctioa  of  the  operator*  a  ekiU.  Aa  the  follower 
(ceraor)  approaches  the  reticle,  the  training 
device  will  automatically  dacraasa  tha  also  of 
the  circle. 

Information  ebtalnad  by  research  with  this 
technique  has  impUcatUma  for  the  nee  of  motors 
akill  teaching  mackiaea,  which  like  their  verbal 
teaching  counter  pa  its,  wonid  have  the 

capahility  of  progressively  training  an  operator. 
These  teaching  machines  most  be  able  to  stop 
and  repeat  material  that  baa  not  been  wall 
learned,  la  addltieci,  they  have  to  take  tka  Indl* 
vidoaJ  differences  amoog  trainees  into  acconst 
and  also  be  abls  to  provide  feedback  to  the 
trainee  to  take  the  place  of  an  instnsetor  by  do- 
fining  acceptable  performance  levels. 

Another  area  which  will  be  stndied  In  the 
fotarc  ie  the  oaefnlness  of  a  '^contact  analogna*' 
device  for  tramlag  fas  the  cosdrol  of  land  vehl- 
dee,  eorUce  ships  and  aircraft.  *rhis  elec- 
troaic  analogue  will  present  an  abstract  repre- 
seatation  of  the  "real  world**  on  a  screen  so  as 
to  provide  s  non- prog  rammed  visual  display  to 
which  a  trainee  would  rcapood  as  If  to  real 
situations. 

The  porpose  of  the  research  program  at  the 
H*  S.  Naval  Trainfasg  Device  Center  is  to  im¬ 
prove  thv  human  military  tracking  pevfoimanct 
that  is  required  by  cnrrsnt  operstiosal  situ¬ 
ations  by  increasing  the  effecUveiKas  of  training 
devices  and  techniques.  Its  objective  cna,  of 
cmrse,  be  met  only  to  the  exteid  to  which  the 
research  findings  arc  Incorporated  iato  the 
design  of  trucking  training  devicea. 

ft  was  shown  how  the  character  of  thin  track¬ 
ing  research  program  rsflects  tbe  changes  in 
experimental  techniques,  the  availability  of 
advanced  research  equipmeal  and  the  ever- 
changing  nature  of  ths  task  of  the  military  — 
ns  i&ilitary  s^iencs  becoows  more  aulvanced. 


s  .  ,  s 


a.  .  e 


a  • 


.S _ 9 


1 


on  THB  TRACKma  POTKNTIALmBS  OF  K  OOPFUR  IWI«  FEASOFIWO  SYSTW 
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CONVmmOKAL  USB  OP  SOPPUR 

Vh^  first  tracking  aystea  In  this 
country  to  exploit  the  doppler  effect 
«as  the  BOVAP (DOppler  Velocity  and  Poal- 
tloi4  systeo  developed  In  the  old  AO's  by 
BRL.  Deecendente  of  DOVAP  (UDOP.  KJCPRA- 
SOP,  HYDERDOP)  are  In  use  at  the  Atlantis 
Hlaalle  Range  and  eleewhere.  A  comon 
property  of  auch  ejetens  la  that  they 
eut^ate  doppler  cyclea  and  hence  isay  be 
conaldered  to  be  integrating  ayateea* 
Pouitlona  are  detcreiined  by  the  inter- 
eectlon  of  the  quadric  eurfacea  generated 
■hen  cycle  counts  are  converted  to  ranges, 
range  ova's  or  range  differcncee.  One 
transmitting  and  at  least  three  receiving 
stations  are  required  for  a  minimal  eolu- 
tlon;  more  than  three  receiving  stations 
will  permit  a  least  squares  solution. 

THB  ST  Ann  HQ  POINT  PROBLBR 

In  the  conventional  red’uction.  It  la 
necessary  that  an  externally  determined 
point  be  provided  for  zeroing  the  cycle 
counts.  This  dependency  upon  other  sys¬ 
tems  for  a  starting  polr.t  has  seriously 
eomprornlsed  doppler  systems,  especially 
alncc  fresh  starting  points  are  required 
after  each  signal  dropout  of  significant 
duration.  Further  difficulties  arise 
from  the  fact  that  errors  in  starting 
points  tend  to  propagate  unfavorably  and 
may  be  nsgnlfled  one-hundredfold  towards 
the  end  of  coverage.  Accoidingly,  con- 
eiderable  effort  has  been  expended  to 
devise  raeana  to  circumvent  the  need  for 
externally  determined  staining  points. 

INTERNAL  DETKIWIHATIOH  OF  STARTINO  POINTS 
Notable  solutions  to  the  Starting 
point  problem  mere  developed  by  Guard  (1) 
and  Wlllman  (2)  who  exploited  -he  oboer- 
vatlonal  redundancy  which  exists  when 
more  than  tliree  receiving  stations  ac¬ 
quire  data.  InoteaJ  of  determining 
each  trajectory  point  indope  idently,  the 
colutlons  determine  all  trajectory  points 
slicultaneously  In  a  nasalvs  least  squares 
solution  which  carries  the  coordinates 
of  the  starting  point  as  additional 
unknowns.  For  a  total  of  n  trajectory 
points,  a  syatem  of  normal  eqviatlons  of 
order  jjn+j  results.  Though  of  seeming¬ 
ly  formidable  dljnonslons,  the  normal 
equations  turn  out  to  be  so  patterned 
with  zero  eleconts  that  their  Inversion 
Is  readily  acco'oUnhed  by  partitioning; 
the  over-all  corputatlons  Inoroaee  only 
linearly  with  n.  Nlllmon’s  solution  wb« 
employed  with  considerable  success  at 
AKH  for  the  reduction  of  Redstone  tra¬ 
jectories.  On  the  other  haitd,  the  re¬ 
sults  for  the  longer  range  Jupiter  tra¬ 
jectories  were  unsatisfactory,  for  ths 
solution  tends  to  be  Indeterolnats  as 
ths  portion  of  the  trajectory  utilized 


apprmscbea  linearity.  Ths. Redstone, 
aMch  la  normally  tracksd  from  shortly 
after  lanneh  to  Just  before  Impact,  pro- 
▼ided  aufflslent  variation  In  geomstry 
to  produce  a  satisfactory  solution, 
whsrasa  the  approximate  linearity  of  ths 
observed  portion  of  the  Jupiter  trajec¬ 
tory  produced  very  poor  results.  Because 
of  tUa  weakneas,  the  solution  has 
proven  to  be  of  limited  value  at  AMR. 

SIX  STATIM  RATE-ONLY  SOLUTION 

An  entirely  different  approach  to 
Uie  starting  point  problem  was  proposed 
by  Bndins  (3)  «*>o  exploited  the  time 
derivative  of  the  range-eum  equation. 

In  thla  solution,  doppler  cycles  counted 
over  a  abort  lnt<.rval  are  converted  to 
doppler  frequenclea  and  thence  to  range- 
mum  rates.  Rates  from  six  stations 
provide  six  equations  Involving  the  co¬ 
ordinates  of  the  transponder  X.Y.Z  and 
Its  components  of  velocity  X,t,z  as 
unknoma.  Because  of  the  differentia¬ 
tion  of  the  range -sun  equations,  the 
coordinates  of  the  starting  point  dis¬ 
appear  and  hence  are  not  required.  An 
error  analysis  of  this  solution  proved 
to  be  quite  disappointing.  In  fact,  the 
solution  for  many  of  the  points  con¬ 
sidered  appeared  to  border  on  Indeter¬ 
minacy.  For  thla  reason.  It  was  Judged 
to  be  unfeasible  and  was  never  employed 
at  AKR  In  actual  reductions. 

REFEREMCE  FREQUENCY  TRANStUSSION 

One  of  the  chief  practical  limita¬ 
tions  of  DOVAP  and  other  existing  CW 
systemo  has  been  their  dependency  on 
Ute  tranamlsolon  to  the  receiving  sta¬ 
tions  of  the  reference  frequency  of  tha 
tTar.smltter.  live  DOVAP  reiererco  fre- 
qoency  at  AMR,  for  Instance,  is  trans¬ 
mitted  by  eable  and  by  microwave  to  nta- 
tions  as  far  as  130  miles  from  the  trans¬ 
mitter.  The  expense  of  euch  tranemlsslon 
for  several  statlone  well-distributed 
over  a  region  many  hundreds  of  mllea 
acroaa  would  undoubtedly  be  prohlbitl''e. 
One  obvious  way  around  this  problem 
would  Involve  having  each  station  both 
transmit  and  receive.  However,  this 
would  entail  the  use  of  a  eeparats  trans¬ 
ponder  for  each  station  (or  else  on 
elaborate  transponder  sharing  technique); 
thus  to  avoid  an  undue  vfslght  penalty 
the  number  of  stations  capable  of  slnul-  . 
taneoum  operation  would  necessarily  bs 
quite  limited.  Another  poBBlble  solution 
ml^rt  eventually  result  from  t.is  use  of 
\lf  transmission,  provided  that  stabili¬ 
ties  an  order  of  mapiltude  bettor  than 
the  1  In  10’*  reported  In  (A)  cen  be 
attained.  Vhst  is  perhaps  ths  oleensst 
solution  of  all  Is  also  presently  biyo.hd 
the  state  of  the  art:  the  use  of  a.i 


InOtvldMl  and  •afflclently  ataMa  fra- 
Qucnoy  atandanl  at  »jach  rect^vlng 
t-^jan.  H»  long  and  abort  tar«  atablll- 
■tlaa  naaded  for  ■odem  bracking  req^’ra- 
aenta  ara  both  about  one  part  lb  10  'J 
thla  la  tenfold  batter  than  the  atrtlll- 
tlaa  of  the  beat  atandarda  co«r»erclally 
available.  On  the  other  hand,  ouoh 
effort  la  being  expended  throughout  tM 
country  on  the  development  of  Improved 
frequeney  atandarda  that  the  attalnnont 
of  Bufflolent  atabilltjr  appeora  to  be 
only  a  matter  of  time. 

REOONSICTtATlOa  OP  lUiIB-OKLY  SOLOTIO* 

In  late  1959,  uell  over  tuo  yeara 
after  the  Initial  etudy  and  dlacarding 
of  the  rate-only  solution  dleouaaed 
earlier,  the  writer  waa  Induced  by 
potential  progreaa  In  the  development 
of  ultra-atable  frequency  etandarde  to 
reconalder  the  rate-only  approaoh  to 
the  utlllratlon  of  doppler.  *n  lnl«al 
atlwlua  waa  provided  by  the  proposed 
PAS*  experiment  to  check  the  general 
tlmory  of  relativity  by  means  of  a  aatel- 
llte-boma  atomic  clock  having  a  fre¬ 
quency  stability  purportedly  approach¬ 
ing  a  fee  perte  In  lo' ’  and  weighing  leaa 
than  50  pounds.  Also,  It  had  been 
suspected  (Incorrectly)  that  the  rate- 
only  solution  would  approach  Indeter- 
■Inacy  aa  all  receiving  stations  were  to 
approach  the  surface  of  a  plane  i  there¬ 
fore,  it  was  reasoned  that  the  rats -only 
solution  mlglit  make  a  better  ahowlng  If 
the  stations  were  more  widely  dlstrl- 
buted  on  the  surface  of  the  earth.  Final 
limetus  was  provided  by  the  eonaldera- 
tlon  that  the  use  of  independent  ffj” 
quenc/  standards  would  permit  consider¬ 
able  flexibility  In  locating  atatlona 
and  would  allow  the  uae  of  an  unlimited 
number  of  stations. 


FATE-OHLY  SOIOTIOP  TOR  SPHERICAL  SYSTW 
The  sUaplesc  form  of  a  rate-only 
system  arleea  when  tranamlsslon  Is  from 
a  frequency  standard  aboard  the  vehicle 
being  tracked,  for  then  straight  rang# 
rates  are  obtained  at  each  receiving 
station.  Such  a  syaten  may  bs  called 
a  spherleal  range-rate  oyatcm.  Ellip¬ 
tical  or  hyperbolic  eyatema  would  result 
If  a  transponder  were  to  replace  the 
frequeney  standard  In  the  vehicle  so 
that  r*ange-sua  rates  or  range-difference 
rates  were  measured  at  each  atatlo.-i. 

If  a  receiving  station  were  located  In 
the  insulate  vicinity  of  the  trans¬ 
mitter,  the  accuracy  of  an  elllptltal 
or  hyijertollo  eyaten  would  be  very 
nearly  the  save  as  that  of  the  corres¬ 
ponding  spherical  aystem.  Accordingly, 
Ic  largely  BUfflces  to  consider  accura¬ 
cies  attainable  from  a  spherical  aystem. 
The  observational  eqxiatlon  for  a  apherl- 
eal  system  la  obtained  from  the  time 
derivative  of  the  ranging  oquatloni 


-  .(X  (5- T,)'ef»-V’l* 

vhereln  r.  la  the  rings  frw  the  ve- 
Mile  »t  ‘x  Y.-C  to  the  1**  ttmeklng 
station  at  1,,  t*.  i*.  Pirferentlatloo 
of  r,  gives 

f  -  2-^t  *  1.^*  *  I8l 

which  expmssss  the  meaeured  range  rate 
as  a  Amotion  of  the  vehicle 'a 
oompunents  of  position  and  velocity. 

Six  stations  measuring  t  thus  pxovlda 
Six  equations  for  the  determlnatlovi  af 
X.Y.Z,  i,Y,4-  When  more  thaa  six  sta¬ 
tions  provide  data,  an  ovsrdetermlned 
solution  la  poaalble, 

RBSULlTS  OP  MUMERICAI  STODY 

In  oi^er  to  assssa  the  aecurselea 
to  be  expected  from  a  spherical  range- 
rate  syateo,  a  hypothetical  ayatea  waa 
postulated  to  exist  on  the  Atlantic 
Hlaalle  Range  with  receiving  atatlona 
at  the  locations  indicated  In  Figure  1. 


Ftfarv  1.  Oveeetrlcal  etaflcumnao  . . .  la 

nuavrtoal  etnSy. 

Selected  points  on  ths  trajectory  wuen 
was  assumed  to  bo  obBeiued  by  the  sys¬ 
tem  are  listed  In  Table  1  foer  the  case 
of  a  90“  launch  azimuth  from  Cape  Canav- 
eral.  The  Z  oxJ.s  Is  noieal  to  the  refer¬ 
ence  spheroid  at  Cape  Canaveral  and  la 
positive  upwards.  The  Y  axln  is  tangent 
to  the  meridian  and  la  positive  to  the 
north;  the  X  aala  Is  tangent  to  *h# 
prime  vertical  and  is  posltlvo  to  the 
east.  The  trajectory  waa  aaauaed  to  bm 
launched  at  azimuths  ranging  from  JO 
to  135*,  the  general  region  of  coverage 
beu%  Indicated  by  the  shAlled  are*  In 
Pig.  1.  nm  trajectory  la  a  high  per¬ 
formance  one  designed  to  provlds  a 
etrlngent  tost  of  any  tracking  cysteis. 
Doth  six  and  twelve  station  molutlonm 
were  considered,  Statlonii  1  through  6 


wer«  employed  in  the  six  stetion  aolu- 
tlons*  TM  neasurlnK  accuracy  (l«e>, 
standard  deviation)  for  ranse-rates 
waa  taken  as  0.01  ft/sec  for  all  sta¬ 
tions.  No  error  Has  attributed  to  the 
figure  for  the  velocity  of  light  in 
vacuo  nor  Mere  survey  errors  considered. 
The  standard  deviations  of  position 
and  velocity  ai<e  sunnarlzed  by  the 
•error'  contours  In  Figs.  2-5.  W* 
shaded  areas  In  Riga.  S  and  3  corres¬ 
pond  to  regions  where  the  gradients 
of  the  error  contours  were  too  steep 
to  permit  delineation.  They  thus 
define  regions  of  near  indeterminacy. 

It  is  to  be  emphasized  that  no  attempt 
waa  siade  in  the  numerical  study  to 
optimize  the  locations  of  the  stations; 
the  oe  lection  was  based  primarily  on 
logistical  considerations.  Preaunably, 
then,  optimization  would  lead  to  signifi¬ 
cant  lng>rovements. 
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iKrrKr/f?E?rf  eftfctkd  hv  RBWNBAhcy 
The  six  station  solution  Is  seen 
from  Pigs.  2  and  3  to  yield  widely 
varying  accuraclea.  Over  a  sizeable 
region  the  solution  approaches  indeter¬ 
minacy;  yet  within  25  nilea  of  this 
region,  positional  accuraclea  of  better 
than  50  ft.  and  vcloclti  accuracies  of 
better  than  0.3  ft/sec  are  attained. 

An  investigator  i6io  by  chance  happened 
to  eelect  for  atudy  only  points  in  the 
region  of  near  Indeterminacy  would 
naturally  conclude  that  a  six  station 
range-rate  system  is  itopracticsl.  It 
now  appears  as  if  son^thlng  similar  to 
this  occurred  in  the  original  investi¬ 
gation  of  Bruhn's  sxjdifled  DOVAP  solu¬ 
tion.  In  general,  Flga.  3  and  ^  would 
lead  one  to  the  con.  luelon  that  the 
postulated  six  statlci'  system  would  be 
coicpetltive  with  existl,ig  tracking  sys¬ 
tems  only  for  a  limited  volumeof  cover¬ 
age.  On  the  other  hand,  the  Improvement 
resulting  from  the  twelve  station  system 
is  seen  fromi  Figs.  H  and  5  to  be  aiost 
pronounced.  T9*b  regions  of  near  Indeter¬ 
minacy  have  been  wiped  out  and  replaced 
with  well-behaved  contours  of  low  magni¬ 
tude.  Over  cost  of  tho  region  of  cover¬ 
age,  the  positional  accuracies  are 
bettor  than  10  ft.  and  the  velocity 
accuracies  are  bettor  than  0.1  ft/sec. 
Ihls  degree  of  Improvement  lesultlng 


from  moderate  redundancy  was  considered 
to  be  quite  startling  because  it  was 
contrary  to  all  experience  gained  at 
AMR  with  other  trackln:';  ayBtem.a.  Almost 
any  experienced  data  analyst  la  likely 
to  conjecture  that  when  the  number  oO 
observational  atatlona  In  an  already 
well-balanced  configuration  la  doubled, 
the  Improwcncnt  to  bo  expected_  should 
not  much  exceed  a  factor  of  •fs.  Accord¬ 
ingly,  appreciable  effort  was  devoted  to 
seeking  an  explanation  for  this  appareit* 
ly  anomalous  behavior  of  a  range-rats 
system.  The  explanation  ultimately 
arrived  at  hinged  on  the  observation 
that  the  error  contours  for  six  station 
solutions  are  highly  aenaltlve  to  the 
locations  of  the  stations.  In  general, 
a  six  station  configuration  will  pro¬ 
duce  fairly  good  accuraclea  only  within 
a  certain  rathe.-  limited  region;  out¬ 
side  this  region  accuracies  deteriorate 
rapidly.  If  the  configuration  la  alter¬ 
ed  slightly,  say  by  replacement  of  one 
of  the  stations,  the  error  contours 
usually  bec>n*  markedly  altered  and 
the  region  of  accurate  coverage  Is 
shifted  considerably.  Hence,  when  inar,y 
different  alx  station  configurations  are 
possible,  one  la  usually  able  to  chooae 
one  which  will  pioduce  good  results 
for  a  given  snail  area  within  the  over- 
all  configuration.  This, together  with 
the  fact  that  an  overdetemlned  solu¬ 
tion  la  neceaaarlly  superior  to  thoas 
resulting  from  any  of  the  poaalble  mini¬ 
mal  combinations  explains  the  rather 
remarkable  Improvement  resulting  from 
rodundarty  It  felt  th^tt  the  t.ajor 
contribution  of  tiila  paper  1.;  the  dls- 
cloaure  that  a  nonintegrating  doppler 
ayatt-ra  mcaourlng  range  rates  only  can 
provide  extremely  accurate  trojectory 
data  over  a  wide  volume  of  coverage, 
provided  that  a  moderate  degree  of 
redundancy  is  exploited. 

REFRACTION  CORRECTIONS 

one  advantage  of  a  range-rate  sys¬ 
tem  la  its  relative  Inaenaltlvlty  to 
refraction,  the  refraction  for  range 
rate  being  the  tine  derivative  of  the 
refraction  for  range.  The  refraction 
correction  Af-  for  a  point  outside  an 
atfioBpherc  having  an  Index  of  refraction 
profile  of  the  form  u  -  1  (u_^-  1)  e'** 

u-  oelng  tho  Index  of  refraction  for 
altitude  h=,0,  1?  provided  by  the  follow¬ 
ing  'flat  earth'  fnrmuls 

af  -  *i»~  ^  (cf«  E  otn  «)  4  (I  ‘  io*)  .  [3l 

In  which  E  denotes  the  elevac.lon  angle 
and  6  Its  rate  of  change.  Since  ^  for 
otationa  observing  at  low  elevation 
angles  would  ordinarily  be  quite  saiall, 
soy  1«'8B  than  .005  radlana/aer.,  and 
since  the  QX'antlty  (u,-l)/b  woul-a  rarely 
be  in  error  by  more  than  .05,  ^J'e  un¬ 
certainty  In  the  correction  hr  -amid 


usually  amount  to  only  a  few  thousandths 
of  a  foot  -per  second*  Hence,  potential 
systen  accuracies  are  not  seriously 
compromised  by  refraction* 


PABAUCTIRIZATION  OF  TRANSMISSIOM 

frewkncy 

An  obvious  weak  point  of  a  spheri¬ 
cal  system  is  Its  dependence  on  the 
asBumptlon  that  the  frequency  standard 
aboard  the  vehicle  will  maintain  Its 
static  stability  during  and  after  a 
period  of  strong  acceleration*  A  pos¬ 
sible  way  around  this  difficulty  Is  to 
regard  the  lnat2uitaneoua  trensalsslon 
frequency  as  on  unknown  along  with  ths 
Instantaneous  position  and  velocity*  For 
this  approach  the  basic  doppler  equation 
la  put  Into  the  fora 


t.  -  .  I  fli 


In  idrlch 


c  •  Ticuo  veloeStjr  ot  llcht* 

r,  •  rtna*  rat*  at  S***  ttatlen. 

f,  -  rafaretw:*  fraquancr  at  1***  station, 

AT,  ■  baat  rraquancy  at  I***  station 

-  fj-  rj  whaps  rj  la  racalvad  fraquancy, 

-  trmnsntaalon  Praquarcy, 

At,,-  nfractlon  corraatlan, 

A^,  ••  soeelal  ralatlalatlo  eorraotlon. 

At,  •  (snartl  rvlatlalatle  corractlon. 

The  relativistic  corrections  are  dls- 
eu.ise<l  In  a  subaequent  paragraph.  In 
an  .  Jeal  system,  one  would  have  f.’ f, 
and  the  beat  frequency  (which  eonitl- 
tutes  the  actual  aKaeurement)  would  be 
equal  to  the  doppler  frequency*  When 
f,  is  unknown  one  may  replace  f  In  (t) 
by  the  above  expression*  The  equations 
generated  by  seven  stations  are  suffi¬ 
cient  to  determine  f,  as  well  as  X,Y,Z, 

An  adjustment  may  be  perform^ 
when  more  than  seven  stations  acquire 
data.  A  preliminary  examination  of  this 
extended  solution  Indicates  It  to  be 
reasonably  oensltlve  under  conditions 
of  oinderate  redundancy*  For  Instance, 
the  accuracies  to  be  expected  from  the 
twelve  station  conflgiiratlon  considered 
earlier  are  for  the  3'*  point  In  Table  1: 

o,  «  *75  cps 

Oj  “  ?*53  ft  Oj  -  -020  ft/aec 

a,  -  5*83  ft  0j  -  *007  rt/eee 

o,  »  5*19  ft  Oj  -  *187  ft/sec 

In  this  computation  the  frequencies  f| 

•nd  fo  were  taken  as  10  kmc  and  the 
beat  frequencies  Af  wex^  assurood  to  be 
measured  to  an  accuracy  of  0*1  cycles. 

Ttio  corresponding  colutlon  for  the  case 
In  which  f.  Is  asouaed  to  be  known 
perfectly  gives 


1.89  ft 

*01 A  ft/sec 

2.70  ft 

Oj  " 

*006  ft/sec 

A. 87  ft 

0.  - 

•OI5  ft/sec 

If  further  study  should  show  that  rals- 
ttve  accurnclea  similar  to  the  above 
are  maintained  over  an  extensive  volume 
of  coverage,  the  extended  solution  will 
permit  pronounced  relaxation  of  the 
stability  of  transmission  frequency  In 
■any  applications* 

FARAICrERIZATlON  OP  STATION  PRE3UENCIES 
A  sore  far  reaching  extension, 
which  Is  also  under  study.  Is  based  on 
the  premioe  that  the  frequency  stand¬ 
ards  St  the  receiving  stations  may  have 
inadequate  long  tern  stabilities  (say 
1  In  10^")  but  satlsfactn*-'  short  tsra 
stabilities  (say  1  in  10’*)  over  the 
period  of  tracking*  The  solution  la 
based  on  the  fact  that  the  best  fre¬ 
quency  at  the  1'  station  for  ths  J 
trajectory  point  la  then  functionally 
of  the  form 

".i  •  «(7..  f.,.  T,.  4,,  .I5J 

In  the  ensenbls  of  nn  Such  equations 
arising  from  n  stations  and  n  trajse- 
tory  points  there  will  exist  6n  unloxoMB 
trajectory  parameters  (the  X',  Y  ,  Z  , 

Xj*  t,.  Ij)  together  with  n  onknowD  ^ 
reference  frequencies  f  and  n  unknow 
Instantaneous  transmission  frequencias 
f  •  If  an  elliptical  or  hyperbolic 
e^Atem  la  employed,  only  a  single  un- 
kno«n  transmission  freqv'ency  f,  need  be 
considered,  provided  transponder  sta¬ 
bilities  are  adequate*  If  n  Is  greater 
than  7  and  If  n  Is  sufficiently  large, 
the  total  number  of  equations  will  sx- 
eced  the  total  number  of  unknows  and 
a  solution  may  be  attempted.  Ths  nor- 
>al  equations  for  the  minimum  variance 
adjustment  are  of  the  order  m+Tn,  but 
are  amenable  to  solution,  no  matter 
how  large  n  may  be,  because  of  the  pre¬ 
ponderance  of  tero  elements  in  the 
coefficient  matrix;  as  In  Wlllman's 
solution  for  DOVAP  Starting  point,  ths 
computations  Increase  only  linearly 
with  n*  If  this  appixiach  should  pieve 
feasible,  the  primary  requisite  for  the 
frequency  standards  will  be  reduced  to 
one  of  high  short  term  stability,  short 
term  here  referring  to  the  typical 
duration  of  tracking*  The  resulte  of 
a  feasibility  study  now  underway  will 
be  published  at  a  later  date. 

RKLATTVISnC  CORRECTIONS 

f.  range-rate  ayetem  capable  of 
observational  accuracies  of  0.01  ft/see. 
will  be  affected  quite  significantly  by 
both  the  apeolal  and  the  general  rela¬ 
tivistic  effects  on  frequency.  The 
•peclal  relativistic  correction  (time 
dilation)  as  applied  to  range  rates  is 

~  i  I  *  hlKlMr  ord4r  t«nM  (6) 

and  the  general  relativistic  correction 
(caused  bp  dlfferoncee  In  giavltatlonal 
potential)  Is 


-  +  hlgh«r  or^«r  t«rw 

In  these  equations 

V  »  tot4l  v«loeltj  of  v«hUl«« 


gr&vltatlofUl  eoottont 
1.403..X  10** 


Pi 


P  »  geoccntrlo  dlttwc*  of  rftoolvlne  «tatlan« 


P  «  (eoeentrlc  of  vehicle  «  P^4  li  • 


For  velocltle*  of  ?0,000  ft/aee.  Ar,  - 
O.JO  rt/sec-  >ihlch  1«  20  tine*  the 
baolc  neaeurlns  accuracy  atsuoed  herelnj 
for  30,000  ft/sec,  Oft  -  0.*i5  ft/aec. 
Values  of  af)  veraua  altitude  (h)  at* 
listed  in  Table  2 


h(nm) 

AiA,  ( ft/sec) 

100 

.019 

250 

.oAe 

500 

.0'''G 

inoo 

2000 

.25^= 

1)000 

.162 

POOO 

.572 

.671) 

Table  2.  General  relativistic 
corrections  versus  altitude. 


Becauee  of  the  slijolf Icnnce  of  the 
relatlvlatlc  corrections.  It  la  en¬ 
tirely  possible  to  reverse  oattere  and 
Cesljn  a  test,  quite  dlffei-ent  froa 
that  In  the  proposed  llASd  ex(erlment, 
to  cheek  relativity.  In  Its  simplest 
fora  the  test  would  rely  on  frequencf 
otabllltlos  of  a  few  parts  in  10’’. 

From  ten  to  fifteen  tiuOklJli  stations 
would  be  required.  Each  trajectory 
point  would  te  reduced  Independently 
with  Af}  ♦  Ofj  being  carried  aa  an  addi¬ 
tional  unknc'en  ^n  n’.'Ch  the  same  rvanner  na 
f,  was  carried  In  the  first  extension 
or  the  range -rate  solution  (because 
the  gravitational  potential  at  all 
tracking  stations  would  be  essentially 
Identical,  the  corrections  Af  would, 
like  the  Af, .  depend  only  on  the  tra¬ 
jectory  point).  Under  the  assiunptlon 
of  frequency  stabilities  of  1  In  lO’’ 
the  standard  deviation  of  the  determina¬ 
tion  of  Ar-  +  Af  for  the  point  con¬ 
sidered  ln*the  preceding  paragraph  would 
be  0.07  ft/sec.  This  Independent,  polnt- 
by -point  solution  would  not  permit  the 
separation  of  the  special  and  general 
relativistic  effects;  to  Isolate  the 
general  effect  It  would  be  necessary  to 
stipulate  the  special  effect.  However, 
by  comparing  the  values  of  Ar  +  Af 
experimentally  determined  over  the  ’wide 
range  of  velocities  and  altitudes  re¬ 
sulting  from  a  vertical  space  probe 
with  those  computed  from  theory,  one  can 
evaluate  the  correctness  of  the  com¬ 
bined  theorlee.  A  none  sophlstlrsted 
solution  along  the  lines  of  that  In  the 
preceding  paragraph  could  be  employed 
to  counteract  Inadequate  long  terra  sta¬ 
bilities.  Also,  the  Incorporation  of 


constraints  Into  the  adjustment 
Bhewld  lead  to  Increased  sensitivity. 
Peitepa  the  principal  orcwback  of  the 
preaent  appipcch  In  conparlson  with  that 
of  BASS  la  the  number  of  stations  re- 
r  rad.  On  the  other  hand,  the  sts- 
txona  mould  provide  Instantaneous  deter- 
atnatlona  of  the  combined  relatlvlstlo 
eonrcetlona  as  a  function  of  altitude 
and  velocity  while  simultaneously  pro- 
vidlae  precise  trajectory  data.  Further¬ 
more.  the  observational  residuals  re- 
aultlas  froa  the  adjustment  would  pro¬ 
vide  vsl’xable  cheeks  on  Interns!  con- 
alatcney  and  could  be  employed  for 
data  editing. 

POSSIHf  GEODETIC  APELICATIONS 

Tt»e  sensitivity  of  a  rate-only  sya- 
tem  to  errors  In  survey  Increasei  with 
Increasing  velocity.  For  velocities  of 
?5,000  rt/sec  a  survey  accurate  to 
abost  1  part  In  750,000  would  be  re¬ 
quired  to  prevent  significant  dilution 
of  the  potential  accuracies  of  a  system 
measuring  f  to  -01  ft/nec.  In  view  of 
this.  It  mould  appear  logical  to  reverse 
the  problea  by  treating  the  coordinates 
of  some  of  the  stations  as  unknowns. 

Tlte  principal  drawback  which  emerges  Is 
the  siduly  large  number  of  stations  re¬ 
quired  for  an  effective  solution;  froa 
nine  to  twelve  stations  must  be  of  pre¬ 
cisely  ienoMi  location  to  begin  with,  and 
the  uoknown  stations  cannot  be  very  far 
removed  fros  the  configuration  of  known 
atattooB.  Although  a  rate  measuring 
system,  by  Itself,  does  not  appear  to  be 
very  proalslng  aa  a  geo  Jet  le  tool,  * 
preliminary  study  has  shown  that  the 
eoadxtaatlon  of  a  ret:  system  and  a  long 
focal  length  photogranmetrle  system, 
mhlcb  photographs  strobe  flashes  against 
the  stellar  background,  can  be  quite 
effeettve.  Vhen  rate  measurements  ac¬ 
curate  to  .01  ft/sec  were  assumed  to  be 
Incorporated  Into  a  hypothetical  six 
station  photograisnietrlc  net  which  had 
been  designed  to  produce  survey  so- 
curacles  of  about  1  pert  In  1,000,000, 
the  canblned  system  wan  found  to  pro¬ 
duce  almost  doubled  accuracies.  Con¬ 
siderable  further  study  la  required, 
however,  before  the  preclne  role  that 
rate  Brasurements  are  capable  of  as- 
Bunlng  In  geodesy  can  be  adequately 
evaluated. 
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CALPJLATIOII  or  tfcUWill  ■r  iMMS  Mf 
A  szmmcm  immm^ 


1^  c.  UCM* 
rAiic*  c^gfwu— 
V««e«ni  Develoft^t 

emU  Alt««  Ciiiii— » 


the  eccuMcy  of  te«t  aod  «qul|neaft 

la  '^'ft'Cn  calculated  by  ualn^  tlie  aiKBLAtlocj  of 
Mgnltudea  eethod-  B«cau*«  ®oat  ertcti  have  s 
oowal  dlatrlbutloo,  a  atalUtlcal  eetluad  of 
calculaclna  acc^ulattoi  errora  ta  piopoaed;  ewot 
a  «ethod  win  ellmlwte  »o«t  of  the  weakeoeeae  •! 
th«  aunoetloB  of  oagnltudea  eethoda  aod  vlll 
a  *0f«  accurata  t*»t  ayatoa  or  «quLTQ«>t  erroe- 
Furthet,  the  alternative  atatlatlcal  nethod  ahoiA 
tltJt  teat  ayatea  and  e<jutF«aftt  are  aota  accucifc 
than  they  appear  under  the  amAatloa  of  «agnlt»daai 
»ccKod« 

Re<7ulraenta  for  preclalon  equlpoent  Ift 
present  nlaslle  and  apace  programa  have  placed* 
heavy  technological  burden  oo  the  teat  ayiC« 
detlgocr*  The  teat  lyatoa  designer  siost  dealg* 
cquXpfBcat  and  test  syateBaa  capable  ol  chacklng  ctM 
perfofMoce  eharacteriatlcs  of  high  preclcios 
cqulpvent.  To  do  this,  Che  teat  ayst«  •uat  fc* 

«or«  accurate  end  precis*  than  the  equlpiaeot 
Ceated.  The  test  aystea  deilgner  veually  cato»* 
latea  the  errors  In  the  e^uipeurt'S  to  be  tested^ 
and  designs  a  test  systeN  that  is  ao  order  of 
magnitude  oort  aceursce* 

Tb«  actual  aaslghoent  of  accicwlaclnf  ertwe^ 
i«e*y  ayateo  acewracyt  becaaea  tha  critical 
elaaeaC  of  every  test  aystmi  design*  It  aflocto 
ccst8«  delivery  schedules#  and  oven  the  fossl* 
blUty  of  the  program.  The  reavlts  of  thlr  col»- 
latlon  affects  design,  marketlog,  sstos*  *od 
maaagesaenc  la  all  technological  art^s.  It  crlgW 
rally  affects  nlllUiy  programs.  The  need  for  • 
oeanlngful  calculation  of  acc\m<ulstlag  orrox*  i* 
obv loud. 

Following  are  two  different  oethods  of 
conputlng  system  errors:  First,  svnaatlos  of  Clwa 
positive  and  negacUt  magnitudes  ol  *acb  cootrl- 
butlng  error-  Second,  a  autlstlcal  calculatlom 
of  acctmlatlng  errors.  Roth  oethods  ar*  basoJ  «n 
Identical  test  syateoa  so  that  the  results  msy  W 
compared.  SL.c*  the  calculctiuna  are  dissimilar^ 
the  iodlvldual  errors  are  defined  dllfereatly; 
however,  their  relation  to  each  other  ia  clears 
The  test  systom  is  shove*  in  fig*  1*  pgrpoom 

of  the  test  Is  to  tslculais  tha  Irrguency  reapomam 
of  a  traotoltter.  The  trant-attet  Is  »oA>Uted  by 
a  vldr-baod  oscillator,  ths  signal  is  detected  im 
an  ultxsHn^ar  AM/m  test  receiver,  aad  ths  outpitf 
of  the  KcduWtti'g  source  and  the  test  receiver  mam 
presented  ■jn  c  duel-trace  oscilloscopa. 


Fl^n^e  I  T*»i  Set-up  lor  tvaluailog  the  Dynamic 
Operating  Characterlst Ics  of  the  Transmitter 
fShaded)  Coder  Teat. 


Far  tba  teat^  thr  aaplLtudc  of  tbn  signal  ml 
tfea  wdnVailAg  source  is  set  at  a  glvcm  level  amd 
tte  ai^lltude  of  Che  test  receiver  slgxsal  ta 
almBltas«ously  observed  on  the  other  chaomel.  TUa 
tra^oency  of  the  modulatlog  sourer  U  '--hanged  and 
Cha  nrv  amplitude  of  the  modulating  aignal  ia  aat 
gm  tha  prevlooa  level  (Fig.  2).  When  thia  hss 
%acn  done,  the  amplitude  at  tha  output  of  tha  teat 
vncelver  t*  noted  and  the  differencial  arnplltmma 
U  ooapvccd.  From  thla,  the  fr'^quency  reaponaa  at 
tha  traoamlttcr  Is  detem-oad. 
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FLtufc  2  (a)  OacLtloacopc  Pattern  £of  OecLltator 

Output  SSotf*  AApliCude  R«tct  to  OrLflnal 
Aaiplitudc.  tb)  OtciUoAcope  ^eiteraa  lUyttrattf 
Calculation  ui  AH. 


la  th«  lirtt  caUulatloAt  Mch  ImdlvlAual 
error  la  deitned  aa  a  regioti  vithio  tva  dafiatto 
poiata  <>i|«  .1).  T^a  error  la  ra^aattlaf  the 
oacllUcoc  aapiuuda  to  Ita  orlgloal  level  it 
defined  at  ♦  2  par  cent.  Slfice  the  error  lawlvad 
U  reading  the  differential  anpUtuda  (A  A)  la* 
volvea  reading  r.uo  eaplltudca,  the  error  la  rcadUg 
O  A  le  dcfloed  as  4  3  per  cent*  the  author  sAalta 
these  llalts  are  arbitrary;  however*  ualata  oae 
detemioed  theaa  errota  seat latlcally,  this  upuld 
alvaya  r^ala  a  problaa  of  englocerlng  Jodgaaoit* 
The  error  la  the  llaearlty  of  the  dlocrlalaitor  la 
the  AH/l'H  receiver  la  4  1.)  per  cent«  Tha  arror 
la  gala  of  Che  video  aectioa  la  4  A  per  cant* 
lacausa  of  the  expcrlaetital  hookup,  the  errors  la 
Che  load  and  the  vodulatlng  aourca  do  aot  cocitrl-* 
bgta  Co  the  accaulatlng  errors  in  the  ayitoa*  Vie 
abalt  aaa\«e  rhe  errors  lo  the  oacllloa^ope  caoccL. 
Sven  if  this  were  aot  the  case,  these  errors  could 
be  bandied  la  Che  aaac  aanner  aa  the  other  coatri* 
buclng  errors. 


tf  eba  abaotuca  magnltadaa  of  fbe  lialta  eaa  ba 
aatabllahad,  thla  aacbod  of  deteraUtag  tba  aagai* 
toil  of  accuaulatlag  arror  la  parfacCly  valid,  bat 
aka  lafoxmatlon  It  yields  La  Halted.  For  eawapla^ 
tkcra  la  oo  Indlcatioa  of.  tha  frigs aacy  at  ublch 
aa  error  of  the  value  caapoted  alll  occur*  Tbaro 
alao  la  oo  Indlcatloa  of  vblch  error  aught  ta  ha 
chcogtd,  or  which  would  ha  aoot  acwwalcal  ta 
rhaax*  1<*  addition,  tba  catcalatloa  aaauaia  tba 
axrora  are  fixed,  l.e«,  that  they  cam  aeoar  ha 
graacet  thao  the  aagaltuda  glaaa.  Va  baou  that 
trsaalenta  or  cataatrophle  falluraa  caa  dlaCort  aa 
lodlvldual  reading.  Thla  ta  aapacUlly  tioa  dbsa 
hiAsa  error  la  introduced  la  the  test  setiv* 


- . 
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Figure  j  The  ^altlva  and  Ragatlve  Hagnltudaa 

of  Errora  1 ,  2.  3.  and  4  ars  SuMod  to  Give  a 
Total  SystOB  Error  et  410  1/2X. 


The  total  ayata  error  (Fig.  3h)  ta  gives  bf 

1*1 

where  E.  •  Magnitude  of  each  cootrlhutleg  error, 
la  the  iaaspla  ahows,  tba  total  syatas  error  la 

t,  -  (+l,5)+(+2.0)+(+4.0)  +  (+5.0) 


Tltl*  type  of  inforantlm  cm  b«  llkcnM  t.  • 
*xtox  ^*K>  cell*  bti  pccloit  that  chazt  la  a 
Maatblllty  bt  could  dta  fro.  a  :a«atllccta*y.  but 
Mglccta  to  tell  hi.  aucb  a  prohablltcy  ta 
0.000001.  Ooa  advantata  ot  thla  typo  of  calcala- 
tloB  ta  tta  •l.pllclty. 

*a»l<ally,  tba  vatbod  of  calcalatiat  tha  taat 
wftm  arror  ptopoaad  by  thla  papar  will  datasaloa 
tba  dlatrlbutloo  of  tbo  ayttat  arror  fna  tha 
dtatabutiooa  of  cha  UtdiT.doal  errora.  SUca  tha 
■tattatlcal  procaduraa  and  foraalaa  ara  Mt  MV, 

M  proula  of  the  fonrjlaa  will  he  sin..  Thcao 
proofs  are  found  la  aoy  eloMBtarr  booh  o.  aCatla- 
tlca. 


f^,  -  +  lO.JX 


•  • 


Tb«  Iltae  mnt  Jttflcult  atcp  ta  calcu¬ 
lating  tha  ajicM  arm  la  to  datamlna  tlta  dlatrl- 
tutlon  o(  tha  ladtalduol  arrora.  For  tha  taat 
a/ataa  aboM  la  Fig.  1  tkla  it  dona  aa  follom: 

<1}  Foe  our  axamvlc,  tba  arror  la  raaattiag 
tha  oaclUator  ai^lltada  ta  lla  original  laaol  it 
41  par  ctat;  aock  arror  Hat  a  nocaal 

7|auaalaa)  dlatrlbutlas. 

Thta  deaa  not  aaaa  that  It  la  tavoaalkla  to 
aaha  an  arror  geeatar  tba  1  par  cant;  laoat  a(  tho 
artora  la  raicttlog  tba  aaclllator  ara  near  aaro, 
and  only  a  aaall  par  cant  of  than  cxcaad  4l  par 
cant.  Lat'a  aaattM  that  an  arror  traatar~ thaa 
4l  par  cant  la  nada  oalp  ana  tlM  la  tan.  In 
othar  worda,  90  par  cant  a(  tha  tiaa  tha  arror  la 
hetvaen  -2  pat  cant  and  *2  par  cant.  Thla  la 
llluatratcd  la  Flga.  4  and  7n. 


(1)  Slnea  tha  arror  In  tha  Itnaarltp  of  tha 
dlacrlalMtor  la  given  bp  tha  deviation  of  a  fined 
plot  ralatlva  to  a  atralght  Uoa  (Fig.  3),  and 
alnca  tuo  parallal  llaea  dcfloa  tha  arror,  ua  caa 
accuratalp  datamlna  tha  dlatrlbucloa  of  Cbla 
omr.  In  Fig.  6  va  thow  that  99  par  ieant  of  tha 
tIaa  tha  arror  la  laaa  than  4l  par  eaat-,  and  that 
M  par  cant  of  tha  tlna  tha  arror  la  laaa  thaa 
40.3  par  cant.  Ona  ahould  note  that  alnca  tha 
arror  hao  a  oomal  dlatrlhutloo  vlth  tha  naan  at 
taro,  tha  atacaBCat  that  SO  par  cant  of  tha  tlna 
tha  arror  la  laaa  than  O.S  par  cant  la  tha  sana  aa 
aaylng  that  tha  error  la  lata  chan  4l  per  cant  for 
99'paT  cant  of  tha  tlna. 


•  • 


•  • 


•  • 


PlSvir*  A  ffomjl  tHfttrtbutlon  trror 
Involving  Pctcttlftg  AHpllcud«  vf  OtetUptor 
•  t  to  /ffpUCude  tocordfti  at  (Ntaaty 

Par  cant  iKa  Art*  Lica  Batvaan  • 


(2)  Tha  arror  lanMlved  is  daiar«UU4  datta 
A  or  tha  dlffareetUl  «aplltuda  vaa  daflead 
(a^BSMtloQ  vathod)  ta  ha  >3  par  cent*  othat 
worda,  tha  oparator  caa  datacaloa  tha  dalca  A  to 
vlthiA  *f3  par  cent  at  laaat  90  par  caat  o(  tba 
tiatn  thla  error  alai»  Wa  a  por««l  dlatributloaig 
vhlch  la  ahovA  la  rig.  74. 


PlgoTC  3  Curva  •  Mu»  and  Mloua  IX 

rrtor  Lina*  ShoMc;  fly*  and  Mimja  Ei'f9r 

L<na»  Shown. 


.a  a 


.a  a 


.a  a 


figura  h  (a)  DLacrlolnalor  Linearity  trror 
Ptatribulion,  99X  Area  Llaa  Betwato  >tX; 

(b)  80X  Area  Llaa  Between  4  1/2X. 


(4)  Tbe  error  in  tha  vldac  raapoaaa  (fig.  7c) 
alao  ta  daftred  aa  having  a  ootmal  dletrltutlM 
artth  OQ  avror  laaa  than  >3  par  cant  occurrlog  99 
par  cant  of  the  tiaa, 
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ri»gr«  )  tl"  DU««  i''Jl ‘on  o  l  f.ftoit  in  th€ 
7«»l  Syitcc  al  FiggfC  \  (•,»>, C.  nn<i  1)  Cl''* 
1  toi*l  Erfor  Dm  ribul  ion  it)  iof  lU* 
SyitcB  witli  SiJ<i<l*r‘l  Devlolmn  oi  ?.Sl. 


Tba  dlftflbwilo®  oi  ih*  Indtvldinl  «rror* 
kk*  bt«o  »boi»«.  Hov«v«t,  It  It  •or*  coo* 

««oltot  to  «*pr*tt  tho  iittrlbuliont  ol  th*  In* 
41«lAial  «rrort  lo  terw  ot  thtlr  ooto  tn4  ttoo- 
4tr4  4*vlttlon  (rot  t»oo  tho  •»n).  Eroo  a 
UbU  cl  tha  noroal  dlitrlbgtlon  It  It  obtarctfl 
that  90  per  cant  of  tb»  tl«t  obttfvtl loo  will  not 
eacttd  ♦  1.65  tttniUtd  davUtlont.  on4  tW  99 
pn  t*nt  of  tht  tl—  tha  obtatvatloa  will  not  ta- 
^  2.58  (tandard  dcalatlont.  Htoct,  tht 
ataodard  dawlatlont  of  tha  Individual  atcott,  or 
w  1,2,3,*  It  dataralaad  bp 


“2  ‘  t:w 


"3  275* 

o*”2^-‘*‘« 

Tha  ataodard  davlatloa  of  tha  taat  tytt«»,  o^,  it 
gittn  hf 

3  ^  ^ 

♦  O'a  * 

_  *  l.h8  a  o.l?  ♦  1-53  *  3.33 


<rj-  2.5^ 


rta  .aa.  of  tha  apatr*  trtor  1*  1«al  ^  "T 
of  tha  oeana  ol  tha  Indlaldual  arrora.  Sit*  ^ 
•aaao  ol  all  lodlaldual  arrora  l*  taro,  tha 
of  tha  arat—  ‘tror  t*  taro,  H^a.  t^ 
ayttao  lo  Flf*  I  hao  ao  ary. ir  that  ^ 
dlatrlbotad  with  oaan  ta.-  aod 
«,n«l  to  2.5  par  cant.  Tha  ayttoa  arror  la 
iJ^cd  lo  m.  7a.  ICoowlBi  tha  OMO  aod  obt^ 
dawUtloo.  tha  probability  that  tht  ay.t«  ^ 
llaa  wlthlo  given  lloltt  cao  ha  dotarolnad  »*«•  • 
tabla  of  the  ooroal  dlitrlbutloo. 

Lat  P.  par  cant  (J  •  3,*,S,6,7,*,93  a^joal  tho 
probabllltl  that  tha  ayttoo  error  la  lea*  thM 
a  1  par  cent.  Ihao.  lor  tha  teat  ayatt  U  PI*.  3 


P  -  .890* 

P;.  .95*5 

P^  -  .994* 


lo  the  .taople.  U  la  attuned  that  all  tha 
individual  errott  are  dlttrlbutad  according  to  tb* 
notoal  dtattlbutloo.  Thin,  aa  tceo  lo  Plga.  *,*, 
and  7,  ocant  that  ao  error  oeat  the  o«aa  la  =0** 
likely  and  that  a  larger  error  haa  leat  cbanca  ol 
oeeurring.  In  oott  cattt,  the  error!  have  a 
normal  dlatrlbutloo  bccauaa  theta  are  «ay  Uctoia 
that  can  eaoi*  •«  error,  lha  ertora  ol  each  of 
thetc  lactott  tooblnt  to  yield  an  lndl»l<h«l  arror 
tHtt  It  approaUaatcly  ooroally  dlatrlbaitad. 

Iba  tytlaa  error  oay  ba  a  combination  of  mattp 
Individual  ctrora  that  are  rot  aotmally  dlatri- 
buted.  However,  tha  ayatma  error  It  atlU 
approkUvJtely  ooroally  dlatrlboted  wlU  a  ^o 
a<n.al  to  the  turn  of  tha  oaana  of  tho  . 

arrora.  and  i  vatUnee  (the  tguara  ol  the  atanterd 
deviation)  anual  lo  tha  aw*  «l  tha  varlanaao  ol 
Che  individual  acrott.  Thla  la  true  batauaa  ol 
the  central  limit  ibeorao.*'* 

The  followlog  tjiai«»la  t*  ptaeeotad  to  UUo* 
crate  bow  Individual  arrora,  »*lcb  hava  dlffonmt 
dlatrlbutloo*,  arc  combined.  The  Uidlvl*«al 
error!  are  aelectad  ao  that  the  ayttam  arror  la 
.ppronUaatrly  normally  dletrlbuted.  Viwally  a 
avttma  error  that  la  eompoacd  ol  four  ladlvlAtal 
arrora  having  dlllrrent  dlatributloua  will  not 
have  aa  near  the  normal  dlatrlbutloo  aa  tho  ayat» 
error  in  tha  enaopla. 

lo  tht  eraopla, 

(1)  Tht  llrtt  Individual  error  li  betwoao 
+  2  per  ceat.  An  error  ootilda  theae  llolta  la 
Ml  poaalble,  and  to  error  of  *ny  value  hatwcaa 
theae  llolta  la  e<jually  llhaly. 

(2)  The  lecond  Individual  error  la  a^oally 
IlkcXy  ao/uberc  between  aero  and  ♦  2  per  cmt. 


•  • 


;•  • 


•  • 


«*•  .* 
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(3)  The  thlH  Is^ieldoet  error  occur* 

VcCwce  tcro  end  44  per  ccoc^  mm4  &•  oott  likelp 
et  42  per  ceot.  The  probebilLty  of  obtervlns  ee 
error  gT«etet  or  teee  thee  ‘f  2  per  cent  dtcroeiee 
linearly  vlcb  the  dtataoce  frcn*  4-  2  per  cant. 

(4)  The  IkAirth  l«dlvl4nal  error  haa  a  iMCoal 
41atrlVetion  with  a  noan  eyal  to  -1  per  cent,  and 
e  ataodard  deeLatlon  of  1.414  per  cent. 

The  ayaten  error^  adilch  la  •  conbloatloe  of 
rbeaa  individual  errora.  la  appmnUutaly  oonaally 
dlatrlbuted  with  a  ■eaia  ol  42  per  cant,  and  a 
ataodard  davlatloo  of  2.04  per  cent.  (Sat  Fit*  60 


Hotlca  that  the  accimilatln$  arrera  ara  lea* 
than  e3  par  cent  for  76.4$  per  cant  of  tha  tliM( 
yet  thia  ayatm  yielded  a  410.1  per  cent  tipirc  by 
tba  ainvMCion  of  laapnltudat  nathod. 

Exantoa  tha  conae^encaa  of  a  calculation  by 
a»lfiE  tha  poaltive  and  oefatlva  •apnltodaat  A 
telMctty  ayatan  for  aatalllta  eoHaalcatlnna  in 
deaigDcd.  The  pcrfonntoca  characcarlatica  of  thta 
ayatan  nuat  ha  chacked  by  a  teat  ayaten;  one 
particular  paranetar  nuat  ha  checked,  and  it  haa  a 
tolatanca  of  4l  per  cent,  k  nlotnM  naaanring 
accuracy  of  2.5  to  I  la  Inaiatcd  upon,  k  teat 
ayatan.  having  acc«Bttlating  errora  totaling  ^  par 
cent  hy  tha  etaHailoa  nathod.  nay  ha  purchaaad. 

Tha  ayatna  can  be  purcKaacd  for  $11,000  on  a  air* 
week  delivery  achedula.  However,  to  perchasa  auch 
a  ayatna  having  an  error  of  42  par  cant,  a  six* 
month  tine  delay  la  incurred  and  ceata  riac  to 
$300,000. 

The  atatlatieal  calculation  of  tha  error  in 
the  original  teat  ayaten  would  have  indicated  a 
t<.et  ayatM  error  of  leaa  than  42  per  cant  for 
4$  per  cent  of  the 

Tha  calculation  baaed  on  atatlatieal  theory 
la  oot  United  to  errora  In  teat  ayatma.  Thia 
technique  can  he  uced  on  any  ayatan  or  eqnlpnant 
having  acc%nulatlng  errora. 

yhe  aaalatance  of  Wray  D.  Dltkcna  and  Jofen  A. 
Penwell  la  appreciated.  Tha  aaalata&ce  of  John  $. 
Hcaford  uho  edited  awd  conectad  the  atatlatieal 
theory  waa  particularly  helpful. 

1.  b«  fraaot.  Statlatlca.  An  lattoductlcn. 
John  Wiley  4  Sona.  loc.»  New  York.  19$$» 

2.  A*  Mood.  Introduction  to  the  Thaorr  of 
Sutlatlca.  KcCraw-Hlil.  New  York.  1430. 


Figure  6  Error  Dlatributionc  1.2.1,  end  4 
(live  a  Syim  Error  Oietrlbutio.;,  Approa* 
inaccly  nomally  diatrikwtcd. 


Thcaa  reeulta  of  tbeee  exa^tea  ehow  clearly 
chat  ncoy  teat  ayaCona  arc  nore  accurate  thaa  thay 
appear  to  ba  under  the  manaation  of  nagnitudea 
calculation. 

la  the  ayaten  llluetratod.  tha  ayaten  error 
uaa  calculated  to  ba  410.3  pvr  cent  by  the  cum- 
clonacthod;  yet  this  aane  eyitcni  haa  in  error 
equal  to  or  leaa  chan  47  per  cent  for  99.49  per 
cent  of  tha  tlna. 

If  the  teat  were  run  once  a  day  on  different 
aquipnent  for  one  year,  the  ayata  error  would  be 
greater  thaa  4?  per  cent  only  two  tinea.  If  a 
47  pet  cent  error  were  all  that  were  required.  It 
»a>uid  he  diffleult  to  juatlfy  additional  expenae 
and  tine  dcUya  to  Incmiae  the  accuracy  of  tha 
ayatm. 


FACTORS  IKIXOEHCING  THE  RESEARCH  AND  DEVELOPMENT  OF  NEW  COMPUTIX 
PROGRAMMING  TECHNIQUES  REQUIRED  FOR  MECHANIZATION  OF  MACHINE  LEARNING 
Sr:  Or.  Robert  E.  Snlth<  Control  Data  Corporatloa 


I.  INTRODUCTION 

Basic  to  the  reaearcli  being  carried  fot^ 
ward  by  Contiol  Data  Corporation  In  the  generd 
area  ol  arachlne  learning  are  the  following 
premises: 

(al  In  order  for  a  computer  to  approach 
the  ‘machine  leamlitg*  corrcept. 

It  mutt  be  made  capable  of  learning. 
Thii  Infers  that  the  arodern  elec¬ 
tronic  compater  must  be  given  a 
tremendous  Increase  In  versaliitty 
capabilities  over  present  repertories. 

(b)  In  addition  to  the  need  for  more 
versatility.  Is  the  desirability  for 
reorganization  of  Internal  memory 
locations  Including  new  techniques 
of  sequencing  In  order  to  more 
nearly  approach  the  'human 
capability  *  concept, 

(<4  Finally,  new  techniques  and 

expanded  use  of  inter-communtcatlon 
between  oonputer  and  man  are 
required.  Such  techniques  should 
develop  ocndlttons  Involving  iha 
constant  flow  of  Information  be¬ 
tween  computer  and  operator 
(director  of  problem)  so  that  adequate 
stimuli  rmn  be  (umuhed  to  thu 
computer  for  each  problem  situation. 

Tbts  ropon  is  an  abstract  of  some  ol  the 
principles  evolved  ftots  research  Invulvlng 
these  premises.  It  is  further  llmlled  to  the 
programming  simulation  phase  of  that  research. 

n,  VEASATIlltY 

Early  In  the  research  It  was  decided  to 
examine  various  programming  areas  which  ara 
generally  concerned  with  repertoire  versatility, 
n  an  effort  to  augment  these  capablUtlos. 

Since  ibeie  Is  Insufficient  time  to  report  on  al] 
areas  that  have  been  examined,  the  area  of 
decision  making  has  twen  chosen  as  represent¬ 
ative  of  this  part  of  the  research. 


What  Is  Involved  In  a  person  making  « 
decision?  The  answer  to  this  question  Is  oAam 
obscured  by  the  decision  Itself— In  this  ease, 
the  output .  One  tends  to  forget  the  'prelimi¬ 
naries* — the  Input— when  faced  with  the 
'finalities*.  Careful  analysis  will  Indicate 
the  latter  it  hardiv  possible  without  the  foretat. 
Consider  the  effect  of  changing  the  declslom 
maker  In  a  problem  situation.  Thla  Is  In 
essence  ihe  same  at  changing  much  of  Iha 
input.  Dramaiic  dllierences  may  show  up  ia 
the  decision  llself  by  such  a  procedure.  Bvea 
a  slight  change  In  tha  original  Input  may  allact 
the  final  result — for  example,  a  new  iury 
member  during  a  trial,  or  a  change  of  weathes 
In  a  logistical  plan  of  aitacki  Consider  piece¬ 
meal,  there  Is  very  little  magic  concerned  srtife 
a  human  decision.  The  decision  maker  Is  pre¬ 
sented  with  certain  facts,  stimuli  and  alter¬ 
natives.  Added  to  these  are  unique  herldlty 
and  cnviromenial  factors  Including  his  past 
experience,  training,  and  education.  Other 
subtle  Influences-perhapB  preiudlces  and 
external  pressures  are  Included.  All  this  InpsA. 
rolled  Into  a  ball  of  some  sort,  Is  batted  back 
and  forth  during  the  thinking  process  and  a 
decision  Is  made.  If  one  were  to  hand  tba 
computer  tha  same  ball  and  provide  an  equlv*- 
lent  or  similar  'rule  ol  solution*  use  by  the 
human,  would  the  computer  arrive  at  a 
similar  decision  7  One  of  the  consJusluna  of 
this  report  Is  that  only  through  Increasing  Iba 
computer  versatUiiy  characteristics,  so  as  U> 
more  nearly  approach  those  contained  In  tha 
human  organism,  is  this  possible. 

Certainly  such  a  provision  Is  dlfllcnilt  la 
the  area  r>(  decision  making.  If  the  dedatcai- 
maklng  power  available  la  Iluilled  to  plus-adnus. 
or  zero-non-zero  capabllltlaa.  What  ara  some 
ol  the  decislon-msking  characterlsllca  wblA 
arc  desirable  If  tha  computer  Is  to  become  a 
better  thinking  mechtns?  In  trying  to  find 
answers  to  this  question,  one  Is  led  to  a  oo»- 
slderailon  ol  lectors  which  appear  to  Influeaca 
doclslon  making.  These  factors  can  probably 
be  categorized  by  types  as  tha  followlngt 

(i)  (2) 

Amcxjnt  or  Quantity  Opposites 


Etedslon  Waking;  Involved  In  learning.  In 
sucli  a  way  as  to  be  almost  Ir  separable.  Is  Ihe 
area  of  Decision  Making,  fs  an  example  ol 
possible  computer  versatility  expansloii  this 
area  was  selected,  from  tha  many  oihors  which 
were  similarly  Investigated,  as  an  example  of 
how  ves&atlllty  can  and  must  bo  extended  If 
oompulers  are  to  become  capable  of  'learning* 


Slza  Near-Far 

Cost  Yes-No 

ristance  Zero-Not  Zero 

Time  Plus-Mlnua 

etc.  raat-Slow 

Small-Large 
Hot— Cold 
Enst-Wast 
etc. 
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<3) 

CompQtJla* 

Wt«rD«tlve* 
PracllcalHy 
Posilbllltlas 
Probablltlt* 
Ediclency 
Coniequenc«« 
Stmltaiitlaa 
Trial  &  Cnror 
Elimination 
Trentlatlon 
«tc. 


Rspctltlon 

Prejudlcna 

Training 

Exparlanoa 

Inallnct 

Practice 

Motivation 

Knowl  ttriga 

Health 

Esteem  and  Welfea 
etc. 


looltlng  over  this  list  one  reaches  the 
conclaslon  that  declslon-maklng  on  a  computer 
generally  Involves  the  'opposites"  category 
above,  with  little  or  no  attention  being  paid  to 
the  others.  Certainly  part  of  the  dlKlculty  llee 
In  the  *eHher“or"  characteristics  ol  binary 
logic,  yet  In  the  final  aspects  of  humaa 
declslon-maktnq,  this  “elther-or'  concept  la 
basic.  This  leads  one  to  concluda  that  the 
real  difficulty  lies  not  so  much  In  the  essential 
duality  of  logic  aa  much  as  the  fact  that  only 
these  tvro  characterlsllcs  are  used.  A  some¬ 
what  analogous  situation  In  human  declsloe- 
maklng  might  ba  the  decision  of  an  Infant  ea  te 
whether  he  should  or  should  not  eat. 


be  mede  Into  non-consecutlva  or 
'eklp-eeerch'  Inatnictlona;  'etore 
A  at  w'  coe  ba  made  In'c  "stora  A 
at  O].  Oj.  Oj - "‘n'- 

Cb)  Creation  ot  New  Instnictlone 

New  instfuctlans  can  be  devised  either 
through  Interpretive  comblnatlone  of 
reguler  insinicilone  (by  programming)  or 
by  actual  hardware  componente.  These 
new  Instructions  can  be  particularly 
tailored  to  the  learning  process  after 
a  period  of  trlel  and  error  through 
progrsmmlng  simulation. 

For  this  report,  the  tuggestlona  which  follow 
ate  oliced  st  the  latter  type  rather  than  the 
former.  They  ere  also  type  Instructions  which 
the  author  teals  can  be  expended  Into  several 
sub-tnstructloni  which  would  have  particular 
Impact  on  the  learning  process.  (Arbitrary 
niunes  are  assigned  to  these  new  tnitnictlons 
(or  esse  ol  refetenoe.) 

(a)  RECALL  INSTRUCHON  PATTERN 

FunctloiU  Recall  Previous  Use  of 
EnslrucHonCs). 


To  Increase  computer  versatiltty  la 
dectsion-r.ieklnq  II  Is  necessary  to  empower 
the  computer  with  some  ot  the  conceptuM 
abilities  Inherent  In  all  other  categorlet  mo*- 
tloned  above.  To  sacrifice  many  ol  these  for 
the  benefit  of  one — for  example,  to  build  Into 
the  computer  a  statistical  or  probeblUty  formula 
and  to  base  all  decision  making  on  this  formula 
~l(  lust  as  dangerous  a  position  ns  to  depend 
solely  upon  the  'elthep-or'  characteristic*. 
What  Is  needed  Is  a  general  increase  In  vers»> 
tlllty  over  alj  categories  listed  above  so  tbar 
the  computer  has  a  variety  and  range  of  cuipa- 
blllty  extending  over  most  problem  solviivg 
sltuaitont. 

What  are  tome  of  the  vertetlllty  character* 
Isilcs  a  computer  should  have  for  Improved 
learning  capabl'lUes?  Before  enumeiettng  ■ 
partial  list  of  auggestlone  In  thla  area,  ft  t« 
Important  to  note  that  any  computer  repertolim 
of  Inatructlone  can  be  made  more  versatile  by 
the  following  methodei 

(a)  Exoanilon  of  Present  Repertoire 

The  extension  end  expansion  of 
functions  already  performed  by  the 
regular  computer  Instruction  repertolre- 
for  example,  two-way  Jump*  can  be 
made  Into  3,  f ,  S,  n  way  )ump«: 
consecutive  search  Instructions  cam 


This  Instruction  will  Indlcata  the  starting 
address(es)  of  the  Instructlon(s)  Identical 
to  the  'a'  Iniiructlon(s)  itarllng  el  the 
given  address  'ss*. 

(b)  RECAU  BIT  PATTERN 

Funettoni  Recall  Previous  Use  ol 
Bit  Palieni(s). 

This  Instruction  will  Indlcata  the  ethrt- 
Ing  eddress(es)  of  the  bit  patlem(a) 
Identical  to  the  'n'  bit  pattem(s)  Oiat 
are  stored  la  consecutive  memory  loca¬ 
tions  starting  ai  the  given  addreee,  *m*. 

(c)  IN  WCATE  SIMILARITY  COUNT 

Function:  Comperes  SlmUanty  of 

Characterlsllcs  of  Register 
Contents. 

This  Instruction  will  Indicate  by  count 
the  degree  ol  similarity  of  *C-charactar* 
istlca*  of  the  contents  of  n  consecutive 
regleter*  whose  cierllng  eddreis  Is 
given  with  Iha  contents  of  an  equal 
number  of  coniecutwa  reglstera  whose 
starting  addreis  la  In  Q.  (The  *C- 
characterlstlc'  can  be  a  specific  bU 
pattern,  e.g.  the  operation  oodee,  tha 
operaads,  or  the  whole  woid.) 


IT* 


•  •  . 


(d)  EXECUTE  THE  NtXT  SIMHAR 
INSTRUCTION 

Function:  Alter  Next  Initructlon  Jump  to 
a  Similar  Instnictloo. 

Alter  the  next  Inatructlon  li  executed  itw 
computer  execute*  thJt  Inatructlon  fol- 
lowtnq  which  ha*  a  'C-characterli.tlc” 
identical  to  the  ■Ocharacterlillc’  od 
the  Instruction  just  cxxupleied.  The 
*C-charactenstlc“  la  a  apecllie  bit 
pattern,  a.g.  operation  code,  operand, 
etc. 

(c)  CONDITIONAL  REPETITA'E  EXECUTE 
OF  NEXT  INSTRUCTION 

Function:  Execute  or  Skip  the  Next 

Listructto.!  Depending  The 

Number  ol  Previous  Execution*. 

II  Iho  next  instruction  his  been  prcvloJCly 
executed  n  tlmea,  aklp;  otherwise,  exeCu'a. 

(0  CONDITIONAL  REUnvE  EXrC'.'TE  or 
NEXT  INSTRUCTION 

Function:  Execute  or  Skip  the  Next 

Instruction  liependin^  Upon  the 
Combined  Bit  Pattern  o(  the 
Registers  on  Either  Side  ol  t),e 
Given  Addrea*. 

This  Instruction  examine*  the  co.i;tni*  ol 
the  registers  on  either  side  ol  the  register 
whose  address  is  given  and  executes  or 
does  not  execute  the  next  instruction  dep¬ 
endent  upon  the  slmllartly  ol  the  'C-charc- 
tertstlc'  ol  either  (or  both)  ol  the  bordering 
register*  as  compared  to  the  "C-characteiw 
IsMc  displayed  In  A. 

(g)  CONDITIONAL  EXECUTE  DEPENDENT 
UPON  'N-  LOOPS 

Function:  Execute  or  skip  the  Next 

Instruction  Drocndlng  Upon 
VThether  or  Not  the  Routine 
Whose  Storting  Address  1* 

Given  has  been  Repeeied  'n Times 

This  Instruction  examines  the  contents  ol  lha 
Index  register  governing  the  number  oi  loops 
made  through  a  subroutine  whose  starting 
address  Is  given  ,  and  on  the  basis  ol  the 
number  ol  loops  Indicated,  executes  or 
skips  the  next  Instruction. 

(h)  REVERSE  SEQUENCE 

function:  Reverse  the  SeCfuence  of  n 

Instructions  Starting  at  Addresa 
Lj ,  end  Ending  with  Address  Lj. 


This  Instruction  reverses  the  execution 
ol  a  scgucncc  of  Instructlryts .  Tw 
number  ol  Instructions,  and  the  atattlAg 
and  ending  addresses  are  given. 

It)  MODIFY  AFTER  "N''  MICROSECOND* 

Function:  Modlly  the  Ir.itruclioo  at 
Address  L, ,  by  the  logical 
Product  ot  the  Content*  of 
Oand  Lj ,  Alter  n  Microsecond*. 

This  Instruction  will  modl'y  the  contents 
ol  a  designated  regtstor  alter  n  mlcr»- 
secemds  have  elapsed  Irom  the  Start  of 
ihe  cuirent  Instruction. 

0)  RELATIVE  CHAKGF 

Function:  Change  the  “n‘‘  Register*  on 
Either  (enr  one)  Side  ol  the 
Register  Whose  Address  is 
Given,  by  the  Corresponding 
Bits  In  O. 

This  instruction  complements  the  oorresp- 
ondtn,'  bit*  of  n  rcglsterr  on  either  t>r  one) 
side  cl  the  given  address  by  the  conespv 
nding  ones  (or  zerui)  In  Q. 

Ot)  SEQUENCE 

Function:  Execute  'n"  Instruction*  by 
Sequence  ol  Given  Addresses 
and  Return. 

This  Instruction  will  execute  n  Instruct¬ 
ions  In  the  same  sequence  ot  the  given 
addresses  and  return  to  tha  Instructlous 
lollowing  the  last  given  address. 

(l)  INVERSE 

Funcllon:  Invert  n  Instructions  Located 
at  Given  Address 

This  Instruction  will  Invert  specltlr  In¬ 
structions  located  at  given  addreases 
and  return  to  the  next  Inptrurrtlon  (oiloae- 
ing  the  last  given  address,  (Certain 
Instructions  can  be  Inverted,  e.g. 

LOAD  A-STORE  A.  ADD~6'JaTRACT, 
MULTIP!  Y-*D1VIDE,  INCREASE— DECREASE 
REPLACE  ADCr— REPLACE  SUBTRACT. 

SHIFT  LEFT— «HIFI  RIGHT,  etc.) 

(m)  CONTINUE  TO  FIRST  'IC*  INSTRUCTION 

Function:  Start  wirh  the  Instruction  whose 
address  is  given  and  executn  In 
sequence  until  a  similar  Instruct¬ 
ion  to  the  one  given  is  reached, 
then  return. 
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Thli  Ifiatructlon  wUl  execute,  In  ••K)uenc«. 
rhti  initnictloni  storting  with  ths  given 
address  until  an  Instruction  similar  to  the 
given  instruction  is  found.  Then  control 
U  returned  to  the  Instruction  following  this 
order.  ('Slnilar  Instnctlons*  can  have 
tame  operation  codes,  etc.) 

Factors  Influencing  Posslbla 
Models 

Tims  doss  not  suffice  to  go  Into  details  of 
tht  programming  slmuUllon  models  being 
constructed  or  contemplated  In  the  various  areas 
of  machine  Icantlng.  Nevertheless,  a  few 
descriptive  suggestions  should  Indicate  the 
possibilities  and  opportunities  for  such  efforts. 
Again  decision  making  Is  sslecteci  as  a  rep¬ 
resentative  area  and  factors  Influencing 
possible  models  are  briefly  outlined  In  this 
area. 


(a)  As  previously  mentioned,  human 

declslon-maklng  olten  Involvts  much 
of  the  "human  element".  Ones  training, 
background,  pre.'udlces,  etc.  often 
affect  his  decision.  In  computer 
decision  making  It  may  be  desirable  to 
preserve  this  human  element  (simulate 
It)  or  to  eliminate  it  entirely  from  ihe 
model.  Two  dlfferenl  models  are 
posslbla. 


COMPJTEB  DECISION 

m«ing  models 


Eliminate  all  "Human 
factors"  such  as  prelu- 
'dlces,  training,  human 
errors  (due  lo  stress, 
fatigue ,  strain,  etc.) 

Preserve  or  .Simulate 
"Human  Factors"  such 
as  prejudice,  training, 
human  errors  (due  lo 
stress,  fatigue,  slrr.ln, 
etc.) 


If  B  Is  selected,  the  means  of  preserv¬ 
ation  or  simulation  of  "human  factois" 
becomes  Important.  Two  alternatives 
appear  to  be  possible.  One,  and  the 
.more  difficult.  Is  to  build  into  tha 
model,  rules  or  statistical  formulas 
which  will  represent  "general"  o' 
"expected"  weighting  facters  which 
will  appio.-dmete  the  "human  fscioif’ 
prevalent  for  the  "average*  decision 
maker.  The  second,  r/hich  at  tlie  same 
time  suggests  a  whole  new  area  for 
computers,  is  to  the  computer 
actually  measure  to  extent  or  rtegiea 
to  which  these  human  factors  ore 
present  In  Lhe  decision  maker.  It  Is 
hard  to  Imagine  a  more  proficient 


machine  than  a  computer  by  which  to 
measure  how  well  a  peivon  can  react  to 
stress,  fatigue,  strain,  prejudice,  and 
many  other  subtle  factors  which  often 
affect  human  decisions.  The  earned 
computer  grade  can  then  be  used  In  the 
remaining  mathematical  algorithm  to 
weight  the  decision  toward  one  or  more 
of  several  possible  paths. 

(b)  Many  human  decisions  are  based  upon 
an"altematlve-conBcquence*concopt. 
One  "looks  Into  the  future"  along 
alternate  paths,  wherein  oonsecutlve 
events  take  place  leading  toward 
certain  consequences  at  the  end  of  each 
road.  It  Is  in  this  area  In  particular 
that  the  computer  may  be  made  to 
surpass  the  human  decision  making. 
fATiereas  the  human  Is  apt  to  see  only 
these  alternative  paths  end  events 
whldi  he  "wants  to  see*  due  to  lack  of 
time,  personal  estimation  of  what  Is  or 
is  not  Important,  difficulty  of  having 
too  many  thuigs  to  thlnh  about,  ate.) 
the  computer  can  be  made  to  spill  out 
the  consequences  of  hundreds  of 
alternative  events  for  examination.  One 
methed  of  making  the  model  posslbla 
Is  to  assign  each  event  an  "accomplish¬ 
ment*  percentage  value  of  each 
consequence.  All  of  the  different 
possible  combinations  of  events  can 
thus  be  compared  along  with  the  relative 
values  representing  the  consequences. 


(c)  Instead  of  reaching  a  decluton,  one 

generally  approaches  a  decision.  Many 
problem  situations  are  analogous  to  the 
decision  model  shown  below: 


There  Isa  period  of  "no  decision" 
when  one  Is  examining.  Investigating, 
and  weighing  Involved  parameters. 

This  Is  also  a  period  of  Indecision  whan 
one  is  not  sure  of  the  road  ahead. 
Neverthoiess,  one  Is  closer  to  reaching 
8  decision  at  this  point  (1)  than  at  the 
starting  point  (N).  If  the  point  I  la 
moved  closer  to  the  point  N,  It  Is  * 
entirely  possible  that  a  different 
pattern  of  radial  paths  toward  soma 


176 


I 


doclslon  i»«y  retujl.  Thu»  a  Tiaaty* 
daclsion  may  be  different  titan  a  moca 
“lelaurely'  one. 

Each  of  the  polnti  along  line  NT  can 
represent  *If-Polnls'.  Each  If-Polnt 
(when  reached)  weights  the  varloua 
possible  radial  decision  paths  by  inns 
amount.  The  sum  of  all  *lf-polnta“ 
preceding  a  given  *ll-polnt*  also 
weights  the  various  radial  dcclaloo 
paths. 

Random  number  generators  for  tha 
various  If -point  values  and  corres¬ 
ponding  radial  decision  paths  makes 
this  model  particularly  Interesting  to 
simulate.  Under  actual  model  con¬ 
ditions  Uc  decision  niaker(s)  can 
provide  ll-polnt  values  as  Input  <  < 
dependent  upon  previous  output  from 
the  computer. 


m.  REORGANtZXTION  OF 
INTERNAL  STORAGE 

Increased  versatility  In  Instructional 
power  It  not  the  only  charactensile  required 
to  tstproye  computer  learning  capabilities.  Of 
equal  Importance  Is  the  reorganization  of 
Intesnal  storage  or  memory  locations  and  In- 
tenul  time  sequences. 

Many  have  claimed  that  a  computer  can 
never  approach  the  human  brain  In  learning 
because  of  the  almost  limitless  mci  lOry  capao- 
iUas  of  the  brain.  One  wonders  whether  It  Is 
capacity  or  the  ability  to  “over-ride"  and 
“store  in  layers"  which  is  more  Important. 
Certainly  It  Is  evident  that  modem  computers 
do  not  make  full  use  of  the  memory  capacity 
that  has  been  built  into  them.  How  many 
oowputer  programs  utilize  the  comulete  Interna) 
storage  capacities  of  the  machine?  Tha 
pnMem  Is  further  aggravated  by  the  fact  that 
computers  are  generally  limited  to  one  program 
at  a  lime  with  a  minimum  of  time- sharing  activ¬ 
ities  being  permitted.  On  the  other  hand,  there 
aoens  to  be  some  evidence,  psychologically 
and  paychlatrlcally.  that  the  brain  Is  capabit 
of  tlsw  sharing  several  series  of  thought  proc¬ 
esses  In  various  stales  of  ascendancy. 

Finally,  there  Is  (he  problem  of  Internal 
sequencing  o!  events.  Here  tha  computer 
gerterally  calls  up  one  Instruction  at  a  tlma  and 
tha  sequential  execution  of  the  Instructions 
tliat  follow  make  up  tha  "eventfs)".  One  might 
argue  that  the  brain  calls  up  more  than  one 
thought  at  a  time,  peruses  these,  cither 
leisurely  or  almost  Instantaneously,  makes  a 
chotce,  and  the  choice  In  turn  then  calls  up  a 
aeries  of  events  which  may  lead  to  more 
selections,  aeries  of  events,  etc. 


It  would  appear  that  the  following  Internal 
storage  and  sequencing  characteristics  would 
Improve  the  learning  capabilities  of  a  computer. 

(a)  The  ability  to  aaturate  Inlamal 
mamoiy  Irxiatlon.!  to  their  full 
capacities. 

(b)  The  abllliy  to  tlma-share  activities 
and  soma  series  of  Instructions. 

(c)  The  ability  to  call  uo  several  series 
of  Instructions. 

Again,  the  partial  list  which  follows  is 
suggestive  of  the  methods  that  are  being  used 
to  approach  the  above  conditions. 

1.  Intemsl  memory  location  saturation  are 
being  examined  through  ^wo  technlquasi 

(a)  by  providing  groups  of  memory  calls 
with  different  capacities. 

0>)  By  erbitrary  division  of  larger  memory 
cells  into  sna.ler  memory  cells. 

2.  Tlme-shaiing  of  events  has  been  made 
possible  to  soma  extent  through  two 
techniques: 

(a)  By  exploitation  of  liiput/output  maclv 
anlsms  and  an  on-line  smaller  computer. 

(b)  By  the  use  of  more  than  one  current 
program  address  register. 

3.  Some  success  has  resulted  In  simulating  a 
series  of  events  by  a  sequence  of  Instruct¬ 
ions  whose  location  Is  triggered  by  a  word, 
a  special  Instruction,  or  a  specific  bit 
paltem  of  a  word  that  Is  examined. 

IV.  NEW  COMMUNICATION  LINKS 

Increased  computer  versallllty  and  reorgan¬ 
ization  of  Internal  memory  are  two  Imporant 
oomponentz  required  for  computer  learning  capa¬ 
bility.  Thera  Is  another  needed  charactertstlc 
that  canrrot  be  over-emphasized.  This  Is 
wrapped  up  In  the  ability  of  Ihe  machine  to 
communicate  with  something  outside  of  Itself. 
Taka  away  all  human  sense  organs  and  many  of 
the  stimuli  for  Initiating  thought  processes  era 
gone.  Much  human  learning  progress  appears 
to  be  charted,  routed,  extended,  or  expanded 
by  external  stimuli  which  enter  tha  brain  from 
outside.  One  might  nrgue.  In  fact,  that  an 
external  device  (e.g.,  a  book.  penc*!.  tha 
spoken  vrord)  becomes  a  crutch  anabllr  .ha 
brain  to  Ump  from  rw.e  serlas  of  thoughts  to 
another.  Thera  Is  a  continual  Incar-flow  of 
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tttmull  and  r*Bpot\»««.  by  way  ol  th« 
bc:tween  the  brain  and  Ihlt  leamliiQ  dewlcsa- 
SurprUlr.g  1*  lh«  reallaalloo  that  hit  How  o* 
recognition  response  signals  Is  a  reasonably 
slow  process--lt  rarely  takes  place  with  tha 
speed  of  light. 

In  the  desire  to  gain  greater  speeds  la 
computer  Input/output  devices,  the  lull 
exploliatlon  ol  communication  between  computer 
and  external  equipment  has  ollen  been  ner 
lected.  In  the  area  ol  problem  solving  or 
decision  making  the  Initial  problem  parameters 
ollen  change  or  are  modllled  before  a  conclusion 
can  be  attained.  These  new  parameters  which 
must  enter  the  algorithm  will  ol  necessity 
Inlluence  or  change  the  (Inal  outcome.  Cor*- 
celvably  such  entrance  ol  now  data  should  be 
possible  while  the  problem  Is  being  solved. 

Even  more  intriguing  Is  the  problem  whereby 
succeeding  events  are  controlled  by  periodic 
Input  to  the  computer.  This  Input  In  turn  can 
be  made  a  (unction  of  the  output  from  previous 
executions.  In  such  a  situation  the  irput/out- 
put  media  Is  an  integral  part  ol  the  simulated 
learning  process. 

Mechanized  machine  ieaniing  may  always 
be  a  concept  invented  by  man  and  never  fully 
achieved  by  mechanical  means.  Certainly  It 
Is  to  man's  best  inieresis  to  alv.'ays  control  tha 
process.  The  belief,  expressed  In  this  report, 
and  being  developed  by  research  at  Control 
Dau  Cuiporutlon,  U  machine  leamtn<'  can 
be  brought  closer  to  full  control  by  improving 
machine  capabilities  In  certain  areas.  Three 
of  these  areas  Ore: 

Repertoire  Versatility 

Inteinal  Memory  Organizatloa  end 
Tinie  Sequences 

Greater  use  ol  Input/Output  Medio 


FfcTTEBM  RECOCWmC* 

flyi  <!•  ouHlette  and  C.  V.  Jahnooit,  ElMtronlca  Lakormtory,  General  Sleetrlc  Cot^Mny 


Ttie  developaent  of  geoaetrlc  pattern  recog- 
nftloa  equlpaeol  has  been  receiving  an  Increasing 
aaount  or  attention  In  the  last  rive  years.  As  a 
result,  ■arhinea  for  recognition  or  typed  or 
printed  characters  using  aagnetle  or  optical 
scanning  devices  sre  b^ooing  conBcrcially  availa¬ 
ble,  and  It  Is  nstsral  now  to  give  nore  serious 
attention  to  probleas  Involving  Identiricatlon  or 
Ccometrlc  pattered  which  display  a  greater  nnee 
or  variation  In  clsinctcr  than  is  nonmlly  the 
case  ror  styllxed,  typed  letters  of  the  alphabet. 

Id  the  Tall  or  !•>  i,  the  Goiioral  Klcctrlc  Cocpaiyr 
began  a  survey  of  the  problems  which  will  arise 
In  the  processing  of  optical  data  In  the  fore  or 
photographic  rcprvwlnctl ons  of  terrain,  or  photo¬ 
graphs  or  other  pattei-ns  having  a  gcocactrle  ori¬ 
gin,  but  less  star.dardlzed  In  nature  than  printed 
figures. 

It  was  apparent  at  the  onset  of  the  Investi¬ 
gation  that  the  Initial  registration  or  al  igrsac-nt 
process  enn  be  a  verv  tine -consuming  oporatloa  In 
any  system  directed  toward  analysis  of  the  rarjdora- 
ly  positioned  geossetrlc  shapes  which  arc  en¬ 
countered  In  analysis  of  reconnaissance  photo¬ 
graphs  or  other  foms  of  similar  data.  This,  of 
course,  is  the  process  of  bringing  the  stored 
reference  pattern  Into  some  standardized  orleu- 
tntion  and  hbrlxout-al-verticol  relation  with  tlic 
unknown  patterns  io  the  scanner  field,  and  Is 
carried  out  either  through  motions  of  the  srnn- 
nlng  raster,  or  actual  physical  motions  of  the 
unknown  pattern. 

The  registration  phase  as  It  occurs  In  typed 
character  recoil t Ion  syslers  assniocs  a  less 
foroldablc  role,  since  a  single  orientation 
alignment  con  usually  eliminate  angular  mlsnegls- 
tration  for  at  least  one  line  of  type  and  fre- 
qiicntly  for  a  complete  page,  and  a  single  vertical 
alignment  la  usuaUy  sufficient  for  a  complete 
line.  However,  im  the  problem  of  reconnaissance 
photograph  analysis,  for  example,  there  Is  no 
likelihood  that  objects  of  Interest  will  always 
be  encountered  In  any  standaidlzed  relation  in 
the  scan  field.  Tbls  applies  to  orlentatlot^ 
horizontal  and  vertical  position,  magnification 
and  even  perspective.  Alignment  through  electri¬ 
cal  or  physical  orientations  and  posltlonlngs  of 
a  raster  or  stored  reference'  Is,  of  course,  still 
possible;  houever,  the  large  number  of  coiabl- 
natlono  which  must  be  covered,  when  four  or  nore 
parameters  exist  be  varied  to  fix  exact  regis¬ 
tration,  means  that  al  'gsment  becexaes  a  very 
time-consuming  part  of  the  overall  operation, 
particularly  when  it  must  be  repeated  for  ea^ 
Iiattcra  of  Interest- 

An  alternative  to  actual  raster  ollgnnrnta 
Is  possible,  however,  and  this  was  suggested  In 
brood  terns  mnnj  years  ogo  by  those  studying  the 
pattern  function  of  the  human  brain.  This 
proach  depends  on  detection  of  Intrinsic  or 
“Gestalt"  features  which  are  Independent  or 


Invariant  with  respect  to  nlsallgnnent . 

General  Electric  Company  Instituted  a  study  and 
development  program  which  showed  through  equipment 
dcBionstratlon  that  pattern  recognition  based  on 
this  app'.*oach  Is  feasible,  and  may  be  a  preferable 
opproach  when  the  number  of  timnsformatlona  caus- 
liq’.  misreglstratloo  Is  large. 

The  concept  of  geometric  Invariance  Is  well- 
known  to  Mthesat I e I ans,  tut  the  manner  In  which 
the  Idea  con  be  used  In  identification  problcu 
has  not  been  particularly  emphasized.  The  f'ln- 
••tlon  known  ns  “radius  of  curvature"  is  a  good 
<.‘xn]nplc  of  a  function  invariant  under  vertical, 
horizontal  and  nngulnr  dl.splacemcnis,  and  it  is 
•.iscful  for  Idcntl flcnMon,  since  It  is  unique. 

Tlmt  Is,  two  cirve.s  which  possess  tlic  snme  radius 
of  znrvature  plot  will  always  he  congruent.  In 
contrast,  other  runctlonn,  for  example  fne  en- 
cl  vised  area  of  a  closed  curve,  are  also  invariant; 
howevi-r,  these  functions  do  not  uniquely  Identify 
the  pattern  In  question,  since  other  patterns  may 
poss.oss  the  Eiuae  Invariant.  Flguix:  1  Illustrates 
the  relationship  of  a  plot  of  the  reciprocal  of 
rn-lias.  nf  curvature  to  the  specimen  pattern  shown 
In  Klgure  lA.  This  pattern  Is  made  up  of  sesil- 
clreles  of  three  different  radii,  and  yields  an 
lnver.se  plot  of  K  »  l/R  as  shewn  In  Figure  IB- 
stive  n:d  positive  values  of  K  are  used  ae- 
ecrdlng  to  a  eo;r/cTitlon  based  on  the  direction  of 
travel  in  traverslr^;  tiiC  original  curve.)  In 
Figure  1C,  the  original  curve  has  been  rotated  and 
translated,  but,  of  course,  It  still  yields  Uie 
some  plot  for  K.  The  problem  new  has  been  changed 
to  recog:ilzl.".g  the  plots  of  K  through  some  corre¬ 
lation  procclure  rather  limn  the  plots  of  the 
orlgl.nal  pattern. 

How  there  remains  a  certain  ambiguity  in  the 
horizontal  positioning  of  the  K  plots,  which  stems 
from  the  lack  of  a  uniquely  determinable  reference 
point  on  the  original  curve.  Such  a  reference 
point  would  be  used  as  an  origin  from  which  to 
start  Uic  tracing  of  the  original  curve  and  the 
plot  of  K.  Without  a  uniquely  defined  origin,  a 
horizontal  registration  search  Is  still  required 
before  a  correlation  process  can  Identify  the  K 
plot.  However,  a  rather  simple  procedure  can  be 
employed  which  will  eliminate  even  this  single 
search  for  registration.  This  consists  simply  In 
plotting  the  Invariant  K,  not  against  position  on 
the  original  curve,  but  against  another  inde¬ 
pendent  Invariant.  The  results  of  this  procedure 
for  a  general  case  are  Illustrated  In  Figure  2. 
Here  the  original  pattern,  shown  In  Figure  2A,  Is 
transformed  into  m  new  pattern  In  Figure  2B,  with 
the  plot  against  a  new  pair  of  axes  or  new  fun¬ 
ctions  and  Ip  which  are  Invariant  under  idgid 
aiotlon  and  magnification.  Since  the  functions 
and  Ip  are  Invariant  under  these  transfor- 
stntlons,  the  second  pattern  ahexm  In  Figure  2C, 
which  Is  derived  from  the  pattern  Just  above 
tbreugh  a  combination  of  these  transformations, 
yields  la  the  Ij^  and  plane  a  pattern  which  Is 
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to  oho^  in  Figure  J  iit, 

abo/e.  Thu»,  for  Identification  of  i>a'.Ume  of 
the  typt  iQ  rigvjpr  2A  or  2C,  we  need  orUy  d^-ilgn 
our  c^uipe^T.t  tc  iirntlfy  th-  single  pattern  of 
the  type  In  Fl^w  .:B  ajid  ?D,  <uid  now  no  rcgl»- 
tralloQ  l6  re<iulre4. 

The  discovery  of  functions  which  ore  Invari¬ 
ant  under  rigid  notion  o/id  ficot ion  is  not 

partlcuUriy  dlfflcuU;  however,  rroofs  that  these 
r.inctlon»  provide  uoiqvie  c^^a^ncterltat  ion  Ic  not 
always  co  stralghtforvaid.  In  addition,  ^ooc  dis¬ 
cretion  cwst  be  exercised  in  selection,  since 
problcns  ossocLated  with  ciecLrlcai  Icpieo^ntot  Icn 
ajxl  noise  iaacunltj  te  Kept  in  mind.  *^or 

exiiuple,  the  runction  dR/ds,  where  R  lo  radius  of 
curviiture  and  s  Is  arc  length,  is  invurliuit  under 
rigid  »Dtlon  aod  s!ie  changes,  t>ul  tl'ie  procence  of 
third  derivative*  In  this  function  pcana  tlwit 
Judicious  fll^erlt^  f.hould  be  used  to  ncccntunte 
the  overall  putters  n/wl  to  r.ijppjrss  rr»*qurncy 
ccjcponcnts  In  the  cui'vntorv  furctlon  ix’uulting 
rrc«  local  1  rre^utarltUs  In  the  pattern  which  do 
not  contribute  to  the  Idcnliricatlon. 

IKFLEXKWTATTOa 

A  fly^tea  for  .abomtory  deaH>nBtmt ion  of  the 
Invariance  r‘>nc»T>t  wn*  r«.inplct>*d  In  Since 

t><  basic  nbi  of  ibis  tystciB  wan  to  Ominatlse  the 
fundamental  C'>r.;rrpl-s,  laany  of  the  basic  functloriS 


2 

were  Inpleacnied  1b  a  Mnner  deslgiad  spcclflcaUjr 
for  this  coAl,  rather  Uam  for  a  generml  jairpoae 
field  equipaent.  With  these  conalderatlona  la 
silnd,  the  Initial  scaaUos  opcratloo  was  Weed  uc 
•  high  eperd,  o-'nsiJw»t  speed  electroolc  cvrre 
follower,  ratU^r  thaa  a  sore  conventional  tec» 
tont^j'nr  scan  raster,  follower  used  for  tba 

dertonstratlou  syste*  waa  based  on  a  design  which 
very  conveniently  peraltted  generation  of  Lnvarl- 
ant  Puictlons.  la  addition,  since  coaataat  speed 
rollovers  orv  not  partlcaloxly  vcU-ta>own,  soae 
detalied  Inforaatlca  coaceming  the  deslgs  will 
be  vorth-whllr,  althox^  tbs  follower  was  not  ths 
prlnary  goal  of  the  sVadiF* 

*the  dsts  to  be  bssdled  by  this  follower  were 
prcpajrd  as  block-on-whJte  line  dravdnff*^  ften 
which  contract  phctegTapblc  negatives  were  pir- 
pared.  These  negative*  were  placed  In  aa  optical 
tialn  conslotlng  of  sa  electrostatic  defl.retlOQ 
cnihodc-rv  iuhe,  a  leaa  systea  Ifiw^ging  the  face 
of  the  tube  on  the  ocpatlvc,  a  negative  carrier, 
a  collecting  lens,  sod  an  end  window  lultlpller 
photo-tube.  A  scheaatle  of  this  arrang'aa^t  la 
shown  In  Figure 

In  order  that  the  flylrig-  spot  scanner  shall 
trace  out  the  curve,  tt  Is  iveceseary  to  derive 
infomntlon  abo*it  the  curve  dlrectlcm  at  each 
point.  This  vss  done  by  causing  the  spot  oa  the 
tube  to  aovc  lo  a  aaall  circle  at  a  h.1^  rate. 
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Thtp  circle  vlll  ^  refciTed  to  •  "•eoFrt 
circle".  7hi»  AcccopllAbed  to  the  u«m»I  ■mi* 
aer  by  applying  'roall  elmiaoldjal  aignale  of  ei)uai 
aaplltude  to  the  x  eod  j  deflectloo  syatese,  dif¬ 
fering  in  phase  by  90  degrees.  Ibe  fre^ocy  In 
our  apparatus  vss  k  cps,  wbleb  allcart  the  use 
of  ordinary  broadcast  receiver  ct«roo>ata. 

If  LLe  search  circle  Is  so  located  that  It 
Intercept!  the  curve  each  tl»e  the  laagr  of  the 
flying  spot  crosses  the  curve,  the  photocell  will 
be  llIualrAted,  a:>d  a  pulse  of  current  will  fl^ 
in  Its  load,  •n.cse  r-ducs  were  aapUfled  In  a 
bo:od-baM  video  aapllflor  to  preserve  nse-il*e 
and  clipped  rather  cevcrely-  Tbc  result  of  this 
operatloo  vts  a  train  of  pulses  of  urkifOm  aopll* 
tule  and  width,  vboce  lloe  occurrence  can  be  shown 
to  cc.italn  Infonnctlon  both  as  to  the  distance 
froa  the  center  of  the  search  circle  to  the  curve 
and  alao  as  t<»  the  direction  of  the  curve  The 
train  of  pulces  was  acpllel  to  \yso  fUlers  as  seen 
In  Figure  l*.  One  of  the  filters  tuned  to  the 
search  frer^uency  the  second  was  tuned  to  the 
search  frequency  second  haraocite.  It  caa  he  shown 
that  If  the  circle  were  centered  upon  the  curve, 
the  rujvd.'.£cr.*-::Ll  cor.tvnt  ''•r-’Vi  b*'  •rti  the 
second  hamonlc  would  be  a  aaslssia.  rur^hcrwoic, 
If  the  center  of  the  circle  wvre  sltg)iUy 


displaced  frD«  the  line,  then  the  fVftdaaeotal  out¬ 
put  would  increase  linearly,  changing  phase  by 
100  degrees  as  the  circle  center  cposeed  the  11ns. 
The  second  harwjnlc  would  go  through  s  broad  naxi- 
with  no  phase  shift. 

second  hamonte  c<utput  was  applied  as  a 
aynchronltlng  signal  to  a  slave  oscUlstor  tunad 
to  the  fundamental  search  fre^juency-  The  outfit 
of  this  oscillator  wss  then  a  carrier  of  the  aaas 
fre^ency  as  the  search  circle,  it  can  be  ahenna 
that  the  phase  snglea  between  this  signal  axwl  the 
search  signals  are  nuaerlcally  Identical  to  the 
actual  geometric  ar^le  between  the  direction  of 
the  line  sjkI  the  axes  defined  by  the  x  and  y  de¬ 
flection  aysteas. 

The  signal  from  the  fundaocntal  filter, 
having  a  phaoe  reversal  at  the  center,  Is  a 
mcacure  of  the  error  In  circle  dlsplaceisent.  tt 
Is  cither  in  phase  or  lOO  degrees  out  of  phase 
with  the  synchronlicd  osclilstor  output.  ‘Hiis 
signal  was  *;h»ftcd  by  90  degrees  In  an  PC  phase 
bhirter.  The  shifted  signal  was  then  added 
linearly  In  a  resistor  network  to  the  ayiKhroolied 
oscillator  signal.  The  result  of  this  operatloo 
was  applied  to  an  ACC  aispllfler.  *n^e  output  of 
this  section  was  then  a  csrrlcr  of  constant  aapll¬ 
tude.  If  the  search  circle  Is  centered  on  the 
curve  bol.'g  followed,  the  phase  difference  between 
this  signal  and  the  x-sjtls  tcarch  signal  Is  eijual 
to  the  slope  of  the  curve  at  this  point.  Tf  the 
circle  is  displaced  slightly,  then  the  phasa 
difference  U  Increnaed  or  decreased,  depervllng  ou 
the  dlrerilon  of  the  displac®ent. 

This  conJtant-aapUtude  signal  was  theo 
treated  nr  an  analogue  vector  velocity.  ITie  con¬ 
stant  amplitude  Implies  constant  velocity  ■aghltud^ 
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cr  co(Ut*nt  tpMJ,  *Rte  Is  the  dlrcctlor. 

A  pAir  nf  detectors  vorr  used  to  d<.rlvr  ‘J>e 

X  And  >  coiq>onent»  of  velocity.  Ottf  phnsc  de¬ 
tector  h*d  as  reference  the  carrier  cuppl;/lng 
«  eearchi  the  other  had  the  y  search  as  reference. 

The  Tolta^es  rcpn'contljv  reetan<^lar  eor- 
ponents  of  velocity  <rcre  Ir.tecrated  once,  to  oh- 
tain  analogues  of  the  %  arU  y  coordlnateo  of  a 
spot  Bovlng  at  cv^nsto^it  ihk.  cur%*e. 

The  voltages  n.-prTt»ciitlr4C  cfvinilnaU'S  -cr»'  added 
to  the  search  vuitacce  and  the  rT-^uiteuit  nlp;cais 
uere  used  tc  cotilrul  the  a  >110:1  of  Uie  ;*iv)t. 

T^yt  concta.'it  epeed  of  a  tlon  M  t)u*  upet 
makes  a  linear  relation  tot.v>-rn  Lls<-  wd  distance 
■eaeured  along  ihc  curve  f-- 3  arbitrary 
reference.  Any  Invariant  :‘uru'll<»aof  are  l.-rgUi 
can  be  coatpulcd  fr.'C.  the  v-  tugea  ixpn-aentiiir. 
velocity,  dlrcc'llon.  and  jf-rltlca,  as  tiu.-  beam 
traces  out  the  curve  In  a  r*p«.*tlHv.*  ejinrcr. 

As  an  exaaple  of  t)ic  rsiv-latlon  of  on  In¬ 
variant,  we  shall  consjeU-r  ‘.i*-  c*ur.ali;rc-  This  la 
defined  as  dO/ds,  vhcix*  0  U  Inc  dlnctl  )n  niit'le 
of  a  curve  and  ds  io  the  I  in  arc  ]«-;n'th. 

Vc  write  UO/ds  -  dJ/jt.  dt  Jt  -•  I  u  Uj.Jt  ;  wltcre 
u  is  the  speed,  or  cjignlludo  of  l*ie  vcl*w'Ity.  He 
recall  that  In  iSr  c'lrv**- tr^c*  r,  j.  ll-.*  ;.p.  .  d  Is 
held  constant.  Thus  -hr  pr-l-li-s  lu  s-  Iwd  it  •e 
calculate  10, dt. 

Wc  s»otr  that  In  tin-  ♦.•uivr-t  m.rf,  tiiore*  Is  a 
carrier  of  rioaljal  frvqueac/  c  joal  l>»  the  cear**h 
fre^u<  r.cy,  wlU.  varying  plAS<  vhrn*  tl«  pl^ooe  la 
nurrrlccLlly  the  lirxctlon  a  gie  uf  .  i^rvc'. 

This  voltage  v*n:.  U*  oxprvsi;*!  \j  t*  cjs  (w\  .  •), 
wlicfv  Ej  Is  a  ri-xid  a.*.p.l*  aI*-,  v  xtd  t  t.av/*  tJ.e 
usual  cu:nu'.  at  I  jn,  juid  •  lx  a.  -tcoal  the  varyi:.C 
phase.  ♦  Is,  ov  co'-.rsc,  Icaily  ;i<jnt!*‘a; 

with  0,  U-c  dlnctl  >ii  ariglc.  Uc  cxpatvl  ♦  \t,  % 
Taylor  series  • 


If  ♦  varies  ilowly,  there  vr  ‘rr  te  rras 

and  write  •  •  s  ♦  t  d#/ It.  il.cn  '-.a-  vr,i»*-ity 
analogue  voltOii^  con  be  vrittea  au  K;  **os 
(vt  -  -  t  dS/clt^;  K-r  Z  cos  J(.  -  j«  Jt}  t  -  S^  j. 

This  Ispllvs  that  a  .M-aiwlc  In  d1* 

jvCtlon  evinces  '.  stir  oa  a  irc.^u-ricy  ch^rt  in  the 
velocity  a,:ai04'j«-  v  /:'.  if'o.  We  car'  calculate  dS/dt 
in  a  very  slj^ic  tanner.  \rj  M'  dlccrlalrtator 
tuned  t'j  the  srsr.  li  f 'fn  K.*fi.;y  n.v  the  soiistant 
sciplltude  vclrciLy  rvrt-  >*.>t*  voltiy.?  nc  Input,  For 
deviations  wltMn  the  ilj.rar  ra;i*'c  of  the  drtectoi; 
tl»e  output  nf  tN«  dlscrlairmtor  -'ill  N*  proper- 
iional  to  ihr  ra*A  >f  clAnge  of  phase  with  t’ac, 
and  hence  to  '-hr  rote  of  change  uf  dln.-ctlun  with 
time,  (u-d  finally,  clnce  the  tracing  speed  Is 
conulant,  dln’'.-tjy  prrip'/rtlonal  to  Ih^  radius  of 
curvature,  whlci*  is  tlie  desired  Invariant  functloa. 

Ollier  Inva’-lont  runcllons  are  al-o  oaclly 
ge.-ieralod  by  rather  aUnplc  processing  of  various 
voltagco  gen^'rati'd  In  the  curve  follower,  for 
esaisple,  the  Iiivnrlnnt  fu/><.'tlon  •Icflnud  by  Lhc 
angle  rorar.'d  by  Hr*  rodluc  vector  to  a  nmiilng 
point  Of  U>c  curve  aJid  tin:  tvneent  to  the  •f.'Wi* 


at  Uiat  point  la  clearly  IndcynAect  of  mot  only 
odl  rigid  motions,  but  also  nagalf Icatlom.  Itils 
vou:«tructlon  It  sketched  In  Fliyire  5*  Ceoeratlom 
of  the  sine  or  cosine  of  this  a:igle  can  be  carried 
out  hy  the  bolamced  modulator,  s'lder  sod  phase 
diaerlmlnator  circuit  sh<vn  U»  Figure  6.  IVe 
emadensur- nralstor  comblrAtlOfi  arjown  av  the  plates 
of  the  Cfft  serve  to  locate  the  ce.otroLd  of  the 
curve  and  thus  the  orlgla  for  the  rmdlas  rector. 
Ttae  final  step  In  toe  recocnitioc  procriM  thea 
c\.«osisls  lti  cross-eorrelmtlon  'jf  the  Imrariant 
plots  ulLh  staialard  plots  In  the  system  storage. 

As  suf/^stcO  before,  specific  embodiments  of 
the  rv’nerai  antheuatical  prLoetplc  of  ^rcmetrlc 
Invarla.iee  nrr  not  uniquely  tied  to  the  analogue 
Curve  foliout  r  system  descrlbctA,  but  tbe  prlociple 
Itself  Is  nuidameotal  and  olssaot  always  must  be 
used  Iti  any  sy::tcm  in  which  geometric  patterns  ate 
to  be  currelaUvl  with  a  alnlataa  of  trial  and  error 
In  regi&trmtlon  and  allgmeal. 
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m  TBaoaqm  n  osmui.  iin— Tir. 

In  Mwara.  tL  larlM,  Huai,  8,  Ifwjf  Ana  BlrtsUmf  Aatrlaas  Boaeh  Am  Ooiporatlaa 


Abmat 

Th*  papar  Alaelasaa  tha  appUetUea  et  raalilart 
Dwtaara  Va  arltiwtla  prooaaaaa  la  altra  Ufk 
apaad  eo^puUi^  aarhlnaa.  Mathoda  of  niiaarLaal 
aaalpulaUn  for  dlrlaloot  aultlpllealln  aaA 
maxUjic,  rolatlva  aapiltuila  dataralnatlioa, 
fractlona  and  polfaoaial  aralnatlsa  ara  aaqaataA 
ao  that  tha  laharaait  rlrtnaa  of  raaldoal  arlt^ 
aatto  taolBiqaaa  ara  aralldbla  to  tha  nnMaa 
daeli^tar. 


•a  thiA,  far  au^plaa 

fha  aa^anO,  3,  6.. ...3b  •  0  (aad  3), 

3a  T . (3d  *  1)  s  Uaod  3)a  ota. 

far  e  >  7a 

»a  M*ara  O,  7,  ....  7n  =  0  (aod  T>, 

3>  B.  15  ....(Th  a  1)  5  1  (sod  7}iata. 


iptredaaMxo 


Thla  papar  daacribaa  tha  aaa  of  a  aaatpoalta  aoda- 
lar  arlUaatie  niahar  ajrrtaai  to  ba  eaillad  tha 
AaaldaaX  Hurhar  Bratta  for  Cgaaotera.^  lha  agrataih 
la  oparatlon,  raqulraa  no  earriaa  bataam  dl^lta 
and  ao  alloaa  aliigla  atop,  parallal,  arlthaatla 
optratiaoa  for  addltloo,  aubtractioa  and  aaltl- 
pUeatlon.  Tba  papar  alao  diaeuraaa  tha  prablaaa 
aaaocLatad  vlth  tha  aaa  of  raaldual  oi^ara  far 
ec^nitatlont  nd  offara.  In  datall,  a  aat  of  aela- 
tlcaia  to  *hMa  problaaa  that  mtjr  aaka  It  faaalbla 
to  build  a  gaoaral  purpoaOj  ultra  hlfb  apaad  cch 
putar  ualnd  thaaa  taolatlqnaa. 


Daflnltton  of  laaat  Poaltlra  Aaaldaaa 

lot  ■  ba  au  totagar,  and  cotsaldar  tha  foUaarla^ 
Uhaar  aqtuUoa  uhlch  daflaaa  tba  raaldpa  ft, 
ataro  W,  k,  I  ara  lotanr^a 

B  a  k  «  a  ft 

Tbon  I  la  aald  to  ba  eongnant  to  ft.  aodila  ■.  im 
aqalralant  danultlcu  la  that  I  la  oongruaot  to  ft 
■odido  ■  If  and  00I7  If  ■  dlrldaa  ■  -  ft.  tbla  ra- 
latlco  la  doootad  bj  ■  •  ft  (aod  a). 

If  3  •  (r^,  r2...r_)  la  a  ajataa  of  ■  Intacara, 
th«n  S  la  a  coaplata  ajrtan  of  raaUtaaa  aodalo  a 
If  aod  eaXx  If  tha  r^  ara  IncongraaDt,  palr-arlaa, 
Dodulo  a.  Is  particular.  8  •  (0,  1,  2  ......  a-l) 

rapraaasta  tha  eo^ilota  antn  of  laaat  poaltlaa 
raalduaa. 

Uainft  ■  •  3,  tha  ordlnai7  ovabara  caa  ba  vrlttaa 

aai 


■  o  k  ■  a  S 

0  •  0  3  a  0 
1  a  0  3  a  1 

2- 03*2 

3- 13*0 
li  -  1  3  •  1 

5- 13*2 

6- 23*0 


Arltliitte  frooartlaa  of  Baililoaa 

If  ■  la  flaad  intacar,  thas  tha  aat  of  laaat 
poaltlaa  raaldoat  aodolo  a  fona  a  coaautatlra 
rljw  ulU  mtr.  In  that  tha  arltnatla  opaia. 
tlooa  of  addlUn.  auhtractlcai  and  aultlpUcattoa 
ara  aall  daflnad. 

ttiaaa  arltlaMtie  oparatlooa  cas  ba  lUuatntad  ba 
tha  feUoulBt  tablaat 

■ultlp.t*atloB  Pod  3 

0  12 

0  I  O  0  r 

1  I  0  1  2 

2  J  O  2  1 

CntlAarloft  atr  ftindnital  ralatlcnaMp, 

I  •  ka  *  ft, 

than  6  •  2*3  *  2 
20  -  6*3  *  2 

ar  raartUaft 

B  t  2  hBd  3  and  20  •  2  aod  3 

>Tmlaatli«  (20  *  6)  8  lj>  tha  aodulo  3  ayatn 
TloUa 

(  (2  *  2}  2}  Dod  3  H  (1)  2)  DOd  3  ;  (2)  mA  3, 


(20  «  6)8  •  22(i  :  (2)  vd  3 

lat  a  «  (10  and  foia  a  ooa-to-oaa  oerrtpeeO- 
batwaaa  tha  Bon-nagatlra  Intagara  laaa  U«b 
tad  tha  laut  poaltlra  raalduaa  aod  a. 


addltAoB  aed  3 

.012 
o  {012 
1  12  0 

2  2  0  1 


I  -  k  a  a  ft 

0  -  0  10®  ♦  O 

1  •  0  loj  •  I 

2  -  0  10®  *  2 


a-l  :  o 


IC^  *  I 


Va  aaa  add,  ahtract,  and  aniltlpljr  tha  raalduaa, 
pfaaarrlm  ccrraapoadonca,  proriding  that  tta 
raault,  7,  of  an  arltlanUc  oparatloc  falhba- 
hrcan  tha  lladtf  0  and  Hj  l.a.,  0  £  7  *  » 
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If  thil  don»,  roolAw  operatlcaa  wouU  b*  SuppoM  «•  vi»h«d  to  wblroct  Intagor  K  fr» 

•x&=tlr  Um  mm  m  iiit«s*r  arlUsMtlc  apanUonn.  a  MnUor  maibar  Rjt  tb«B 


M  In  OM 
•  (106^ 


■top.  Ono  approach  would  »  to  s«t  «p 
doclMl  lugnetlc  c«ar*  matrix  for  mrlUMtie  oral- 
uatloiu  Anothsr  approach  would  bo  to  uaa  tha 
Residual  Mt»hor  ^jrataai  which  is  osaaBtUlljr  a 
matlyxl  of  dlTldii«  op  tha  (UP)  matrix  Into 
approxlmataljr  tea  lOO^Lerent  matrices  which  when 
Interroeatad,  in  parallel,  yield  the  arlttaaatla 
result  in  residual  notation^ 


Peflnltiop  of  Bealdual  thimter  3>yetam 


let  m,,  m,,  .  • 

end  consider  for  uach  m^,  1*1 
leaat  positive  rssldiMa  mod  a^. 


a  he  ralatlvel;  jaim»  aKxkiU 
h"mi,  1 

hetn 


2,  mmm 


Thon  el  van  an  arbitrary  integer  K  soch  that  0^ 

R  <M,  there  exist  n  unique  Integers  cuch  that 
K  =  r  (laod  Hj^),  ard  eonverseljr,  given  a  sat  of 
n  oleronts  r^  moi  mj,  there  exlsU  one  and  only 
one  Inlep.er,  H,  in  the  interval  O  ^  B  <  II 
corrospundln^  to  tha  r^« 

irlfetfliatie  0pe4r*tlonjB  of  Wuwbera  lhro<to»!  la 

the  L^due  )i>aKF~SyiflM 


Let 


t  •  a^  nod  m^,  *2  hod 


a  mod  a. 


and 


B  •  mod  aj,  bj  mod  Pj  b^  mod  a^,. 


Than 


1  ♦  D  *  C  •  ^^e  •••*,  o„) 

e  b^(aad  aj),  and 
*  .  B  "  C  -  (cj^— e  •„)  sham 
•  a^.  bj^  (and  a^),  end 
•  C  •  (cj,  «*)  wltere 

®1  ■  "l  ’  '’1* 

M/B  •  C  •  where 


®i  "  V*  "i'  *1 "  "1 


Thlf  division  only  exiets  If  all  b^  era  not  equal 
to  0  and  t/B  la  an  Integer*  It  sbniU  be  not^ 
at  thle  point  that  tha  ariUvMtle  Is  uniquely 
defined  only  when  0  dC  <R  end  that  tha  are 


red-  ;od  to  Istet  real  dues  aod 


<0 


ainca  there  exlsta  only  a  one-to-^me  eorreapco- 
dence  between  positive  Integers  and  the  residue 
eystSBi,  nesatlve  issBbera  are  not  defined#  ^rere* 
lore  «#  is  not  defined  and  thus  arlsee  a  need  to 
deflna^nagetlve  nssbere. 


Subtraction  and  the  Representation  of 
tiofstfve  Uunbere 


C<Maider  this  Mt  of  K  ordinary  InUgaret 
M  -  O,  1  . 


H-1,  ll.-(H-l),  -(K-2)...,-l) 
1  3  ?  a 


place  than  In  one-to-one  correspondence  with  a 
residue  nuaber  system  consisting  of  H  unique  . 
states.  Then  it  is  clear  that  any  Integer  i  ♦  ■ 
(its  Inveiee)  is  congruent  to  o  aed  a.  end  that 
addition,  subtraction  and  nultlpUcetlcn  of  x 
arid  y  sro  defined  provided  that  x 

Tar  exMplsi 

let  M  •  Hi,  s»2  •  2  end  a^  •  7,  thon  there  exltto 
e  one-to-one  correspondence  between  the  oet  of 
intefors  M  <  ^  and  the  lli  unique  resldne 

states. 


Peolaal 

0 

1 
2 
3 
It 

5 

6 
7 


Rodolsar 
Mod  2  Kod  1 


0 

1 

0 

1 

0 

1 

0 

1 


0 

1 

2 

3 

b 

5 

6 

0 


Declaal 

-6 

-5 

-it 

-3 

-2 

-1 


Modular 
Mod  Z  Mod  7 


O 

1 

0 

1 

0 

1 


and  observe  that 

6*1 


5  0,  6  ♦  0,  1  •  0,  0  ■  I 


-2x-2»lt"0,  5*0,  S*0,  be 

In  other  words,  all  residue  representation*  of 
integers  greater  than  W3  ere  considered  negative 
while  all  rrjnbera  less  than  iVZ  are  considered 
positive.  This  process  le  coapletely  analogous 
to  using  2*s  coeiplenent  aritljMtlc  In  oonventlonSl 
binary  conputere. 


Cajmralfla  of  Cod*  to  • 

ttUcoil 

la  ordn-  to  lalorprot  rootdaal  inadMr*,  a  0d»- 
Tonloa  ochno  aatt  %•  •opltcr*!  ^  cottrori 
rwldMl  BoriMTO  lat*  ■  pGOltlooal  neUtloa  look 
u  blnaij,  dootaol  or  •tioad  radix  nuaboro. 

Tfai  raUiraatiejJl  JoatirUatLan  for  eonaoratoa 
lato  o  aiud  radix  coda  la  based  on  U>*  foUoa- 

thaarra* 

Olna  a  sat  at  nlatlvaly  frlaa  aodulili  a 
Mcasaaijr  sod  aoTflclait  oeodltloo  tar  a 
reildDal  mbar  II  to  ba  dlrlaabla  ono  at  Its 
ao4ili  la  that  a  sare  oxlsta  In  tha  colwa  that 
eoiTnap>»da  to  tb*  aodolDa  that  la  uaad  tor 
dlrlalM.  MtIhIod  hr  a  aodnlna  can  bo  aaaentad 
alth  alnsls-l^nlso  elrc^tiy  b}  nultlpljrlof 
tha  rottldaal  nurt>«r  Iv  a  atorod  aultlplteatlra 
Israrso  et  the  aodolsa. 

Coatoralcp  lltorltliM 

lat  1  bo  aa  intoKor  ancodad  a^  nod  a^,  a2  aod  •g 
lat  -  a^  and  lat  B  • 

(1  a  aod  n^.  Tbao  »  •  »!  *j  « 

*n  uhlch  oqoalj  (b^,  bj, . . .  .bg.],,  0),  Hoi 

B  la  ictrlalbla  bj  ^  bocasM  bg«  0.  Olrldloc  B 
tj  Sg  Tlolda  an  latacar  C  daflaod  aod  1  *  t# 
7,  It  VO  lat  kg_2^  •  arid  ig  aod  n^ 

to  C,  aod  than  dtrld*  C  Igr  wa  craato  a  amt 
Intatar  0«  Cootunilnc  this  procta*  n*  daralor 
a  aaqaanc*  of  Intafan  kg,  ^1<****‘1  •** 

tha  coafflclauts  of  a  alzod  radix  nunbar,  with 
aa  tha  Boat  sloil/lcaDt  di(lt.  To  lUoa- 
traU,  lat  tha  dsclaal  nt^>or  i6  ba  tocoded  la 
roaldoal  oataUoa.  fbaa  tha  al^orltha  for  coa> 
raraioo  procaoda  as  foUoasi 

lat  aij  -  a^  -  3,  Mj  «  5t  “  7- 

IMaU 

J  J  5  7 

Ttas  Dadsal  Vo.  6S  12  0  (7],  tharaforo 

kL  -  •!,  *  *• 

Aridlaci  2  i  2  E 

,  .  Since  a  aars 

63  1  0  3  0  tppaart  aod  7, 

tha  nuabar  la 
dinalbls  bgr 
7. 


ylsU* 

Mdtattj 

jlaild* 


•  10  U)  I  k--k 


f  •  1  0 
•4*02 
S  •  1  a 


rasuliioc  la 
a  laro  aod  5 

noltlpljliV  3/5  -  1  t  1 

jlalds  .  1  S  MlJ  ^  •  1* 

Addloik  -X  •  I  t 

*  1 

ylalda  ‘"O"*  IT  fl - 

IbaUpljrUit  3/3  =  1  X 

/Islda  3  «  103  .  *  •  kj^  -  0. 

Wrltlnc  dnaa  tha  k.  dlxlta  'a  ordar  jlalds 
(fra  rlckk  ta  lafO 

«  -  0  1  4  2, 

or  65  “  (O)  ♦  (3  X  5  *  7)  > 

♦  (1)  (5  X  7)  ♦  b  (7)  a  2, 
or  65-OIlD5tH35abx7t2, 
ahara  I05i  J5«  7*  1  *ra  tha  altad  radleaa* 

Daos  of  Mixed  Rtdlx  Coda 

TWO  things  abcmld  ba  noted  in  tha  aootlon  that 
deals  vlth  nibtractlon  and  tha  rapreaoniatloa  at 
negatlTB  nuabersi  firat,  that  tha  raaultlng  alga 
of  aqf  artthaotie  ^eretlon  la  Ija^Uelt  Ih  tha 
raprosentsUon.  arJ  saoood^  that  all  mabar* 
greater  thea  N  aia  considered  negetlTS.  All  ihek 

It  la  aacaoMtg  to  do  In  order  to  deeldo  ntarthar 
a  ^  Via  to  note  whniher  a^  1*  groaUr  or  Isas 
Ihen  K'g^  Tb*  decision  can  b*  aads  br  oxsaUilng 

the  auet  significant  digit  of  tha  alxad 
radix  refn^entatloD  and  deteralnlng  wbatbor  it 
la  graator  than  or  leas  than  . 

^  T- 

Sappoam  M  aid  f  arm  anhilar  Integera  <H|  than 
the'r  product,  x./,  ma/  be  greater  than  H  bat 
aust  ba  Isoa  thiu>  ig  order  to  pronrent  tha 
product  froi  exceeding  tha  nuabar  of  defined 
states,  lot  u  adjoin  sn  addlUcMl  sot  of  ro 
tlvel7  prlas  ooduU  whose  prodoet  la  grastar 
IL  fUm  the  procedure  for  ■ultlpUoetton  la 
foUowas  Corrrert  x  and  f  to  alxad  radix  coda 
Sdmltanaooslg  oonslder  escb  of  tha  ordered  o 
digits  as  trngr  appear  and  sneoda  thea,  aod  tha 
Odjolaod  aodall,  and  thaa  anltlpl/  the  dcobla 
pweclsloa  mabar*. 

To  lUaatrsto,  consider  tbs  pr-odaet  of  tim  tvo 
dedasl  ntohers  x  •  600  and  •  OCl  oncodsd  aod 

31  and  aod  3T.  _ _  _  _ ,  ,, 

aod.  31  BOd.32 

800  S  s<  o 


(Hultipl/iag 
tr  1/7 


1/7  113  1 

0 


185 


Ooowrtiai;  x  to  ulxad  railx  colo 


Honndofft 


y-od  31 

riod  32 

too 

25 

0 

0 

0 

HD" 

25 

'  a  ■ 

Z  1 

Z  1 

z 

5- 

25 

25 

POO 

-  25 

(32)  * 

0 

eoo 

•  25 

0 

Comartlnr 

r  to  idxad 

radix  coda 

601. 

26 

1 

-1 

30 

31 

to 

25 

0  " 

1 1 

Z  1 

z 

Jt 

25 

25 

eoL 

•  25 

(32)  a 

1 

Pm 

-  25 

1 

■o«  Unt  z  utl  jr  an  encoM  lt>  idjced  mdix  fona 


to  awBota  thaai  aod  tha  adjolnad  3«  7f  11 

i«7ulras  r  •  1  parallal  addltlaaa,  baeaua* 


X  a  £00  •  2i  (32)  a  0  whara  tha  (32)  la  undai*» 
atood  »\d  la  a  1)  nod  7  (x)  wd  7  •  (600)  nod  7 

a  25  nad  7 

X 

32  aod  7  a 

0  nod  7 

•  25  nod  7 

z 

1)  nod  7  a 

0  and  7 

a  ^  nod  7 

X 

It  nod  7  a 

0  and  7 

>  2  nod  7 

4 

0  nod  7 

a  >  aod  7 

25  z  32  nod  7 

can  ba  iniNtad 

to  tha  nod  7 

•dlar  vlthout  tijia  dali^.  Th*  aana  typo  at 
siiBiltaneous  ccoputaUoa  hUI  /laid  x  and  y 
and  7«  11  and  1). 

Ua  proeead  to  amltlpljr  tha  donbla  preclalon 
na^bars  and  obtain  a  doubla  praclalon  produd* 

Jl  32  ::  U  7 

eoo  s  2S  0  7  «  2 

l001«26  1B?3 

1  xi  0  ii  «  6 


flxnd  radix  roondoff  can  b«  eonaldarcd  aa  thn 
followlAd  Unaar  fanctltiib 

(1)  f  -  Q  M'*  ♦  1 

Khsra  P  •  a  a^XO*’^....ajlrf’...» 

^  BMber  to  bo  roundadf 
Q  -  a  o^lO***-^  a 

and  R  -  *V2“^  If  R-lo” 

than  P  roundod  n  dl^to  >  Q  a  1;  If  R  ^10*  . 

2  * 

f  rc)unda.i  D  di^ti  la  •tiMl  to  Q« 


Consider  th«  foXXovln£  lijaMr  •^ftU.oot 
P  -  (10^  a  /  )  a  ^ 

than  P  -  oi^  (U>“)  a  q’  (  a 

Cloarl/  r'  and  aro  lasa  than  k/*  a  1  ,  and 
1»  lasa  than  6(10**  ♦  I ),  tharafora  R*’ 
a  q^  f  <  1  a  t  (10  a  t  ).  Ikw  a  tq^ 
can  ba  axpraaaad  aa  (R^  a  f  q7)  a  a  t 

uharo  R  it  tha  aaata  R  aa  In  aquaUeo  0.)» 

Thorafora  P  roundad  n  dlglta  •  a  qll  a  1  If 

a  >  lO"  orq^aql^lfl  <10" 

—7-  “T  • 

In  tha  elTen  ajuoapla.  It  ahoold  ba  notad  that  tho 
product  of  tha  adjolnad  nodsU  aqoala  7  Z  11  Z  13 
*  UlOl  a  lOl  a  1,  Consldar  tha  foUowlnc  dlalalcta 


_ m 

ifici  T55Saj 

6006 


“5HB 


vhara  q'  •  61)0,  €  -  1,  •  160 

non  P  -  61)0(10”)  a  eoo  •  61s0  a  I  -  6<a  xlnca 
R  *  500  now  P  alao  emala  P  ■  61)0  (lo3al)  a  16O 
P  -  61)0  (103)  a  61,0  (1)  a  160 

Tharafora  to  round  P,  aljq>l]r  add  I6O,  tha  nlxad 
radix  renalndar  obtalnad  aftasr  dlaidlnf  hf  ICOl 
to  66^  31^  32  ^  ^ 

intarval  R  falla. 


186 


I 


I 


gTilu«tloo 

UaJ.nt  •  BO<iulv  npr«8«ntaU.oa,  th«  ability  to 
aTtluata  pol>TKatials  with  a  priori  dat«r«ljtad 
cosTficlanta  in  a  singla  arithmtle  oparailta 
atoM  froa  two  Obsamtlons  of  thair  atractora 
io  rasidual  cuabor  raproeentatioa* 

1.  If  z  ia  a  Kxfailar  intagar  (aod  tbaot 

z^-  (md  q)  -  **(■<»<»  <l-l)  (■«>  q)a 


lavl«iB">bBandR~'>-o",  whsrs  B  la  tt« 
radix  of  tha  iittagera  uaod  to  aatabliab  tha  aodo* 
lar  rapraiantation^  Than  tha  following  fmotioo* 
hi  arltiBBtic  can  ba  daflnadt 

Qiaao  p  aa  angr  aodular  codad  Intagar  Mt 

b*"(c"p  ♦  c^pchp)  •  b“p  •»  p*,  Tbla  foUowaa 
pioTldod  that  b”  *  p2<,  and  tha  azprasaUn  la 
iotarpntahla  aa  a  nalqua  Intagar* 


Thla  atataaant  la  a  dlrtol  axtanaloQ  of 
Famat's  Thaoraa  which  atataai 

■1?  Bod  p  •  X  aod  p 

It  P(z}  ia  arbitrary  polyncadal  of  tha 
for** 

rCi)  "  *0  ♦  ••••*&*“ 

than  t{x)  in  aodular  notation  lai 
P(z)Mda  ■  a^Boda  *  a^znoda  *  *4.4agz''  aoda 
P(z)nodb  •  a^odb  *  Xj^z  nodb  *  4.44aQ9^  nodb 


Fractlnna 

ftippoaa  wa  wlahed  to  for*  tha  mahar  .05*  Tfala 
nuabar  can  ba  conaidarad  aa  S  tlnaa  a  niaibar 
whara  x  la  doflnad  by  tha  following  ralatlonahipi 

10*  X  •  1,  4*.  X  »  lO**- 

l4a*t  x  ia  tha  miltipllcatlTa  inraraa  of  10*.  If 
wa  aat  up  a  ona-to~oM  carraspondcnca  batamen  tha 
raal  Intagera,  H,  and  a  nodular  ayataa*  and  if 
10  la  a  raal  intagar  encoded  In  a  nodular  ijal  tm 
containing  no  aaroa  In  aqy  ana  of  ita  nodular 
digita,  then  10*  contalna  no  aaroa  and*  in  ganaral* 
100  aontaina  no  iaroa4  Tharafora,  wa  can  find  • 
10^  auch  that  tha  product  lir*'’  z  ID**  •  1  nod  all 
tha  noviull* 


P{z)B0<ta  •  a^  nite  ♦ 


|•o<b^^....a^  nodi 


II  can  ba  osted  at  thla  point  that  there  are 
only  'a*  atf^umants  and  aolutlona  noda  and  *b* 
argvmenta  and  aolutlona  nodb*  atct  ao  that  a 
raiatlTaly  mall  aat  of  tablaa  of  aolutlona 
(  ■■ 
tf 

aiaa  of  tha  tablaa  •  M  >  yy 


(  )can  ba  ucod  for  alngla  atop  evalua- 

tr^ri,  >vh8rea3  in  onll''anr  arltr*)otic*  tha 


hathomatlcal  Juatlflcitlon  for  Fractional 
Jad  thxatle  i 


Tha  TTHular  rapraaantatlon  fop  a»qr  Intagar 
P  ^  N  whara  tha  lu  are  ralatirely  ptina 

Boduli  (wltn  raspact  to  each  othar]*  farm  a 
coenutetiTa  ring  with  unity*  in  that  tha  opam> 
tlona  of  addition*  aubtraction  and  mltlplicatlon 
are  always  daflnod* 


Eamplai 

nod  3  nod  T 

nod  U 

10 

•  1  3 

10 

10* 

•  1  2 

1 

lo3 

•  1  6 

JJO 

wA 

•  1  k 

1 

■  1  1 

a>od  3  nod  7 

1 

aK>d  U 

10-1 

-  1  S 

10 

ur* 

•  1  ii 

1 

10-3 

•  1  6 

10 

lO"^ 

-  1  2 

1 

Tha  law  of  eomutativlty  atataa  that*  if  b  and  c 
tra  any  erbltraiy  nodular  nunbara  thani 
bpo  •  pba  “  ebp  glzea  tha  asm  inodular  raaulla 
regardleat  of  tha  order  in  which  tha  nrultlpllara 
are  taJcan. 

Aippoaa  than  that  b  and  o  arc  choacn  ao  that 
bo  »  Ij  than  bpo  •  pbe  «  cbp  •  p.  This  can  ba 
trua  If,  and  only  if,  c  “  b”!^  that  ia*  e  la  the 
itultlpllcatiTa  Invaraa  of  b4  The  criteria  for  o 
to  axlat  la  that  b  icuat  ba  ralativaly  prina  tq 
a»ch  of  the  r.odull4  If  b  and  c  axlsl*  than  b** 
bJ,  4444b"  oxdat*  and  c**  c^,  e^*  4.4C»  oloa 
axlat)  and  c^’V'  ■  1  for  all  n* 


W*  -1  1  1 

or  1,000,000  •  X  (nod  3  z  7  »  U)  •  (nod  lOCl) 

Bow*  if  wa  accept  tha  olaatleal  daflnltloB  tf 
UP*  I  10-n  -  1,  W#  can  font  a  fractional  tnndiar* 
auch  aa  0.05,  by  tha  following  nathodi 


•  -I  .11.'  "'’V'P'jll' 


jOCi. 


it-  : 


li 


I 


;>  -■_ 


Qali«  ModaU 

11^ 

1 

1 

U 

Tha  latoiar 

-  1 

2 

1 

How,  glwaa  a 
nuabar 

aaeh  aa 

X 

“  1 

b 

1 

and  unltipljliiga 

wa  obtain 

.  % 

1 

-  1 

1 

1 

tha  product  of 

Z  and  10^. 

9au  Z-IO 

ir 

5, 

•  2 

5 

s 

Ttan  aultlplflng 

*7 

TXT* 

•  1 

U 

1 

wa  gonarata 

0.0$ 

-  2 

6 

s 

ka  a  chackt  wa 

aultlplr  bj 

0.0$ 

-  2 

6 

5 

and  obtain 

•  1 

1 

3 

and  now 

Bcl.tlplflag 

-  1 

k 

1 

wa  ganarota  tha 

proAtet 

F 

-  1 

ll 

3 

If  aa  wrlta 

tha  laakbar 

2$ 

-  1 

b 

3 

wa  can  ohaarwa 

tha  comctoaM  at  tha  eorratpondanea  >7 


OlTlalon 


Mm  ootad  praTloualjr,  tha  ai^UMtlo  oparmtlaa 
Q  “  If  idaara  x  and  /  tra  raaldoal  matbara  laaa 
X 

than  m,'  la  aot  daflnad  unlaaa  (X.  la  an  Intajar. 
la  onto  t«  accoBpUah  thla  dixlaiony  a  thaona 
loUniad  tj  a  Mtbod  of  laplanantat]  on^  la  (iTaa 
vhLeh  aaiiy  daflnad  arlt.hMtlc  oparatlonaj  aolxaa 
for  1  xielftLac  a  daclaal  fr«cUunj  uhle\  whao 
X 

nltlplUd  ti7  M  latainr  (7)  and  roundad,  jlalda 
Q  at  Um  raaoltlns  latacar. 


MTlaloa 


Lot  X  ^  0,  *id  7  ha  fan  lntag<ira  lata  than  or 
aqvial  to  a  flxad  conatant  Hf  and  lat  It  ba  da- 
alrad  to  foia  tba  qootlant,  q,  auch  thati 


(1)  «-x 

X 


nm  It  la  aaaarted  that 

o0 

(2)  Q  -  7  (1)^  (  r  )• 

1 


Mhara  r,  tha  addltlra  Inroroa  of  x,  la  daflnad 
ta7  tha  folltailiy  relatlonsfalpi 


O)  a  a  r - M 

It  fnllr—  dlrvcU/  trom  •quAllon  (^}  thftti 
(k)  X  -  M  -  r 


(5)  V^Z.0 


Hert^  eonai4*r  tlw  folloirlac  svrlM 

And  its  MMI 


t%  *"  -<I)i 

non  « 


Thla  aarlaa  convargea  abioliital7,  unlfonlx, 
BoocnditlouaUj  toi 

(«)  3L 
m 


Whara  t  la  boundad  koTt 
1>X 


ainca  r  aatlaflaa  tha  crltarla  far  (Z) 

fl 


(^)  la  a  flxad  conatanta 

m 

<3-7 


ijiliji* 


la  a  apodal  eaaa  of  tha  abooa.  If  M  •  u/*  thana 


Q-y  ID' 


rZ 


T  10^ 
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atiara  r  la  tha  10  N'l  litT  iint  of  x*  It  Mnaiy 
froctiona  ara  usad,  r  la  aqual  to  tha  tao'a 
cmfltBaat  of  x. 


(to  aathod  for  laplanaDtlng  tha  dlTlalaB  crltarla 
la  to  nonallaa  x  aa  foUoHat 


Conrert  x  to  clxad  radix  coda  tol 
alBultanaoual7  daflna  x  aod  tha  adjolnad 
aoduU.  Sanaa  loading  alxad  radix  O'tf 
BulUpl/  X  bj  tba  aodoU  la  which  tba^ 
ara  daflnad  and  itora  thla  aultlpUw  to 
corract  H;  l.a.,  if  k  oquala  tha  prednet 
of  tha  aodulua  aulUpUara  of  x  than 
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which  for  Jp,w  »dll  conrarga  In  3  Itaxatlooa* 
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For  X  ••  UO,  eoirrart  x  to  alxad  radix  eodaa 
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since  l!iero  Is  a  0  In  the  lesdinf: 

tha  Klud  radljc  coda  Kod  13,  imltloljr  liO  la 

nodular  notation  tax  13 1 
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To  find  r,  subtract  13  I  1«0  frox  IXXXls 
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1000  12  10  6 

>920  0  8  3 
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COWCUISIOB 

This  papar  atter.pls  to  auvarlts  tho  residual. 
arithBotle  alrorlt^  known  to  data.  XurUtar 
atudjr  in  this  field  will  either  result  in 
slnpler  alfontfna  or  detemlna  whether  the 
al^rltta**  presented  are.  In  sane  sense,  the 
best  possible  or  the  slsiplast.  Sorn  Imeatl- 
gatiooa  are  being  nade  in  the  field  of  logical 
design,  and  prallnlnarx  rasulti  indicate  that 
all  alrorithu  are  loglcallx  feasibla  using 
conrentlonal  hardua».  One  ■eoorx  natrlx, 
consisting  of  {nJZY  cores,  can  be  used  to  etU, 
subtract,  nultiplx  and  perfos*  the  oparstloa 
of  (x  —  x)  It  or  anx  function  of  two  Tsriatalaa. 
Plnallj  It  should  be  noted  that  the  tlse  re¬ 
quired  for  rrultlpUcatlon  and  dlTlsion  la  de¬ 
pendant  upon  t!e  tiunber  of  steps  that  are 
nacessarx  to  establish  matbers  in  a  positianal 
codad  sjratem.  If  •  foster  irethod  than  n-1 
steps  where  n  Is  the  rusitnr  of  coduli,  can  be 
realised,  residual  orithsetie  promisst  to  be— 
ccBw  the  fastest  uv  of  doing  arittastie 
toKwn  to  date. 
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lo  raewil  j%*t»  thar*  baa  baaa  a  irtOanraaO 
iotaraat  la  tha  tubjaci  ot  radondaat  arror  eanaot- 
Inc  codta.  Rroa  tba  aaat  lltaratva  avaUaUa 
on  tha  aubjact,  ona  could  ba  lad  to  boUava  that 
tha  uaa  of  aaror  eorraetlnc  codaa  Mill  aalaa  tha 
■ajor  problan  faclaR  dlfltal  cuaaMtleatlnaa 
ayataaa— naaolTi  tha  problaa  of  radoelac 
nuabar  of  arrora  oceurrlnc  durlnc  trawl  aataa 
of  data. 


Whlla  it  la  tma  that,  by  parforalof  tha  (vepar 
logical  aanlpolatlona  e^lad  for  by  tba  arror 
corraetinp  coda,  arrora  can  ba  eorrrctad,  Iham 
la  a  prlca  to  ba  paid  for  tha  error  corraetlaR 
eapabllltlty.  Thla  pr^ca  la  tha  hecaaeary 
loductlon  In  Information  floM  cauaed  by  tba 
Inaai^loo  of  tha  rtdundaney,  which,  la  Itsalf, 
earrlaa  lai  Infonaatloa. 

In  ordar  to  proparly  anloata  tha  pai-focanaca  af 
an  arror  earreeUpf  coda,  It  la  than  taataaaaiy 
to  conaldar  loth  tha  loereaaed  Immlty  ta  arraaa 
ahd  tha  dccraaccd  ability  to  trananlt  Laferpatlon. 
Such  an  araluatlon  tachnlqua  will  ba  daaerlbad 
In  thla  paper,  ualnf  aeraral  nmerleal  iaaa|i1aa 
of  tha  uao  of  thla  eralaatlon  techidqaa. 

THB  Krtugp  Of  RTimaTioR 


Mhen  data  la  to  ba  tranaaltted  to  a  raaota 
location,  flaw  factora  ara  usually  of  prim 
laportaaca  In  datanalnlrtf  tha  probability  af 
arrora 


1.  Tha  Slfnal  ftriMr  arallatla  at  tha 
roealrar 

7.  Tha  h'olas  Powar  prasent  at  tba  roealvar 

2,  The  Todulatlsn  Trchnloue  atlllsed  far 
transnlaslon 

1.  The  Keylnf  Bata 

Tha  Infomatlon  Rata 

Helgar^,  Lawton®,  and  RlllpovoVy\  anone  otbara, 
hara  analyi»d  the  problea  of  speclfyinf  systea 
perforaaree  In  tha  followln/.  Manner,  tba 
probability  of  arror  for  a  itlran  modolatloM 
technique  Is  plotted  as  a  function  of  tha  anar^ 
eontrssl  B/R^.  *  1*  anrrey  par  digit  and  Rg 

la  tha  noise  power  per  unit  cycle  of  bandwidth. 


Tha  energy  contrast  Is  related  to  the  rweelwad 
algnal-to-nolse  ratio  byi 


(I) 


N, 


BfS. 

N 


adterea  S  •  rwrage  racalead  signal  pcwur 
R  •  aaerrage  ractlred  noise  power 
T  •  the  dlytt  Interral 
B  *  the  chennel  bendwldth 

?/»o  can  be  also  describad  aa  tha  racslTsd  aiiRaal' 
to-nolas  ratio  idacn  keying  at  1/7  tha  Nyqolst  Rats. 

Xquatlon  (l)  accoonta  for  all  the  factors  axss|lb 
data  rate.  Wheat  tranawittlng  Inf  or  nation  with 
no  redundancy,  tha  Information  rata  la  aqnal  t* 
the  keying  rats,  itoverer,  whan  rodundanoy  Is 
transmitted  with  Information,  the  data  rata  amd 
tha  keying  rats  ara  different.  Tha  followiiy 
dlseuaalon  propoaea  a  method  for  comparing  eodlaR 
tachnl<piaa  at  a  ccoatant  Inforewtloa  rmta. 


let  ua  consider  a  data  coasiunlcatlona  system  which 
uses  a  character  coafjosed  of  D  Information  digits 
iranasdtted  at  a  keying  rata  K  digit  per  second. 

charaoiar  la  thsa 


The  lima  to  traoamlt 


(i) 


j  »  -D- 


If  It  were  desired  to  net  a  redundant  error 
correcting  code.  ■  redundant  would  ba  added  t* 
the  D  data  digits,  which  would  then  ba  ksysd  at 
a  rata  B*  dlrlts  per  second.  Tha  time  taken  to 
transmit  a  ehsrocte.  now  would  bai 


(S) 
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PtR 
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ir  both  sjsWks  are  to 
tofomatloo  rate  thees 

T  = 

T' 

or 

-H'. 
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PtR 

0 

Either  the  keying  rale  of  the  error  corraetlom 
chsrtcler  »>uat  bo  l-ncreased,  or  as  rora  practical, 
tha  keying  rats  of  the  unprotected  character  ea 
be  reduced. 

If  tha  keying  rmta  of  the  unprotected  character 
la  reduced  by  r.i  oroiint  Indlcetcd  by  equation  (5). 
then  the  cnorey  per  digit  In  the  unprotectod 
character  la  Increased  by  A  *  wharet 


(O)  At  "  Jo  fee, 
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Thaa«  Um  oaIj  to  ec9%mj%  %ht  p«rforM£ic«  of 
tht  tm  Vr«A9«l«aloo  wUmJj  ot  equal  Infomatloo 
rmtoi  t«  to  eoi^ro  tho  porforaorov  of  tha  arror 
Ootoctlng  coda  s/siao  at  C/Ko,  vlth  tha  ptrfona- 
Aiwa  of  tha  uQprotactad  ayalaw  «t  t/Me  *  A  I« 

*<otai  tf»  Inataad  of  flevlnf  dovn  tha  unproiaotod 
charactar  to  Um  Inforpatloo  rata  of  tha  protactod 
charactart  ona  had  spaadad  tip  tha  kaflrtf  rata  of 
tha  protected  charactar  to  aatch  tha  inforpatloii 
rmta  of  tha  uoprot^ctad  eiaracter,  tha  corparlaon 
would  hjiTa  baan  hctiiean  tha  \.*rppotoclad  charactar 
at  1R/N^>  and  proteciad  charactar  at 

Fafore  proceediAB  to  soav  llluatrailona  of  thta 
co«T?arlion  t#*thn1oua,  It  will  ba  worthwhile  to 
define  so:^  pro™*7^lcs  of  rarlun-fant  error  corract- 
iru*  codea. 


W^DIN^VT  f  COFIHCTTO  CQOed 


for  this  paper,  a  coie  will  be  aalU  to  be  C— 
error  correcting  If  all  errors  of  order  less  than 
or  e^ual  to  f.  are  corrected.  For  e^airfle,  a 
triple  error  correcting  Coda  Irplles  tr,e  ccrrect* 
Ion  of  all  slnple,  double  and  triple  arrerSf 

In  Ihcsry,  »t  least,  auch  codes  can  be  sot  up  on 
the  foLlowlri^  tails.  If  there  are  R  redundant 
dibits,  and  each  digit  W  levels,  then  there 
are  possible  statee  of  the  recondant  inforr.attoa. 
This  redundant  IftToreatl  can  a»  beat  le  I ‘cntl- 
fled  with  pculble  sU-tae  ol  the  rwcvxved 
fscssac*,  of  which  aattt  be  the  state  where  no 
errors  have  occurred.  Tl/vis,  U.e  relation  which 
must  be  satisfied  for  z  cc Je  of  length  D  •  K 
level  dlplts  to  be  C  error  cori-ectlng  iji 

(7)  H’j.f 

A. 

an  exarple.  If  f  •  2,  5  •  li,  vil  F  I, 

(a) 

The  eouillty  holds  for  8  •  3,  and  the  code  which 
Is  generated  Is  well-lrwvn  Homing  h,  3  binary 
coda* 

However,  Integral  values  of  R  which  satisfy  tne 
e'l-Mlltj  cannot  always  ba  found.  When  the 
if.clualMj  hrsldf,  there  is  aope  'left  over* 
rtd  indancy.  Y,  S,  Corrlntton**  has  "hwn  that 
for  a  dlt'lt  probability  of  e.-rer  less  than 

1  the  nort  reliable  code  will  be 

(D>K*i) 

obtained  If  this  •left  orer*  redundancy  la  «ksed 
to  correct  as  nany  Sf  possible  of  the  next  higher 
order  errors. 

The  T^dundancy  error  corre^tlnp  codes  wy  not  be 
known  or  rv-^y  In  fact  net.  exist  at  all.  Howevar, 
they  represent  an  unfrer  lielt  on  the  performance 
of  redundant  error  corTectlnj*  codes.  *>iuatlon  (7^ 
allcwo  US  to  postulate  ll'^ltlng  error  coiTectlng 
codes  which  ran  only  occasionally  be  I'saclted  In 
practice. 


rUUSTtUTIVF:  FXAflfU 

Consider  the  followirc  hypothelLeal  deU  trmM* 
Mission  ■greteM. 

(a)  bodulatlon  Tectudqs*  -  Ctetel  ora- 
coharent  KSK,  uelng  aetched  flliere* 
all  errors  e<)aailj  likely. 

(b)  Cherseter  Length  -  Flee  Octal  tttglte 

Relger^  has  shown  that  the  probability  (p)  of 
error  In  the  reception  of  ea  octal  FSi  dt^t  te 
l  inn  byi  ^ 

(9) 

A*2 

Cur*,  k  of  flrur.  1  .how*  p  *a  «  function  of  !/■.. 

If  til*  -‘li'lt  •rrora  ooeur  Inaapenctjntlj,  U. 
proh.Mlltjr  (P)  of  »n  orror  occurring  In  « 
c.O'i.nc*  of  fl  T*  dlflt*  1*  piTCn  byi 

0<»)  P  =  I  - 


uMcn  1*  i.Iottrd  .*  cum  B  of  FlKur*  X. 


Pdtf  OMXNCF  OF  k  TMTU  cm»  CtBKtnK  COM 

(ocm  F$x  MonuumM) 


ri(ur*  1 


Lot  u*  consider  the  behsTior  of  thi*  sTsten  If  so 
*ootlmi*>*  trip!*  *1x00  comctln,  cod*  *n  d*flii*4 
hjf  ,  T  (7)  I*  util  lied.  To  Intomlno  th* 

nu^il^'r  r*dund*r,t  oct«X  digit*  which  ou*!  b« 
•<tJ»d  o  lh«  orlgliiil  riT*  dlflt  ch«r»etor  the 
folXrrrinc  relallon  must  b«  *«tlsfledi 
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Th«  sml11«sv  T&lua  of  H  Otlch  utliflti  thin 
•quatloa  la  i  •  6,  Utlng  tha  6  t*<iunduit  digit* 
<Uoi>*  coircttloo  of  *11  aUigl*,  doobl*,  and 
tripl*  arrara  and  cJ.to  allow*  corractloo  at 
705,776  ot'  Ui*  79tt}3^  poaaltu*  gaadrupl*  arrar*. 

1h*  proliablllty  or  racairlng  an  amnaoua  characiar 
«lMn  tha  error  eorreatinat  coda  la  otUlfod  la  Umm 
tlrma  tgra 

la)  P'= 


p*  *8  a  fOflcilon  of  V^g  1*  plotted  ii  eunre  C 

of  Plgwra  1. 

1  eonparlso*  of  ourroa  B  arl  C  In  7tgura  1 
Indicate*  an  apparently  large  lt>er»i.5e  In  perfone* 
ance  obtained  through  the  ir*  of  the  error 
detection  coda. 

However,  since  the  coded  character  redulraa  11 
digit*  end  the  urvcoded  character  repulra*  only 
5  digit*,  on*  could  have  slowed  down  the  un¬ 
protected  character  to  5/11  of  It*  former  rata 
and  produced  an  lAfomatlon  rate  ec^ual  to  tha 
Information  rata  of  Uie  coded  charucter.  Mow¬ 
ing  down  the  unprotected  character  increaaea  the 
•“•tty  1  tt  digit  by  the  ratio  11/5  (or  3.5  db)  and 
reaulta  In  curve  P  of  figure  1. 

Coeg>arlne  the  perforaarce  of  Un  error  correcting 
code  (curve  D)  with  the  performance  of  the  flowed 
down  unprotected  character  (durve  D),  Indicate* 
that  the  use  of  the  arror  correcting  cod*  producvd 
at  best  a  small  Increase  in  perforrance  and  at 
woraV  actually  ieyraies  perfor-mnee.  It  l  *  true 
that  the  irprovensot  due  to  the  error  correcting 
code  Increases  a*  the  probability  of  error  de¬ 
creases.  This  fives  rise  to  Ih?  anosuly  that  ‘tha 
loss  one  need*  an  Irprovenent  in  perforsonce,  the 
tore  greater  the  Increase  In  perfonuancs  provided 
by  the  error  correctlne  code.* 


CTO  Eviminow  rkspits 

Hamming  3  Binary  Cods  -  ri<,-vire  2  show*  tha 
relative  performance  of  Um  Kaasdng  1<,  3  code  and 
an  unprot-cted  character  of  four  binary  digit*, 
using  rSf  sodulatloe,  or  dlf forentlilly  coherent 
PSK  nodelallon,  <o  significant  increase  in 
perforrance  was  obtained  In  rar^  of  error  prob¬ 
abilities  -onalderad. 

Hartidng  11,  )i  Binary  Coda  -  Figure  3  ahow*  tha 
relative  perforrane*  of  the  Hruaslng  11,  li  and  ao 
unprotected  character  of  11  binary  digit*  ualng 
rSK  or  dlfferentlelly  coherent  In  tM*  ceae, 

the  code  provides  an  Increase  In  performance  of 
up  to  1  db  In  the  range  of  F*  under  eonalderatloai. 
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Generol  tln*r7  Cod^s  -  T>ie  performance  of  a  fire 
binary  di^it  leitLype  character  Iransnltter  by 
rol  eat  exanlhed  at  redundant  di^lte  Mere  siaxaee- 
Irely  added  It  Ir  Figure  b.  Tbe  fir*  dlelt 

ebaracter  vat  toeewhat  aeWeard  aince  io  the  ranfa 
of  raluee  of  redundancy  considered,  cone  of  the 
codes  were  eioet  paetted  ard  there  ves  aleaya  poae 
■Ic/t  over"  rediinda«:y*  Tt  .'.s  tjjUreatlni  to  note 
that  none  of  the  codes  considered  represent  ao 
l^roro'^nt  in  perforeiarct  oeer  the  *e^roteQted 
character* 
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enCT  OF  HIGH  KDUNOMICV  COOM 
ON  A  3-DWT  HNART  FSH  MCSSAGE 
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High  Radondincr  Btnirj  Co-'i  -  Plguri  5  ihawi  Ua 
r»l»tl*e  p«rfor»i»nc#  of  ■  fit#  blnirjr  dUlt 
ehiriotir  vlth  99^  r«dundaj<t  dlglti  ind  •  fin 
digit  anprotwtid  chirictir  for  rs^.  In  Ua  rang* 
of  irror  proUbllU/  consldored,  tSo  high  radimdiit- 
ey  codi  nprtsents  *  levire  degraditlon  la  pnrfnra 
*ne».  It  ippiiri  that  th«  unprotictid  eharietir 
«1U  eotpcrfopn  th«  proteetod  ood«  it  *11  tiltw# 
of  p0  which  c«a  bi  oblilnitd  In  pncttei. 

OittX  CoAu  -  Osin*  flt«  digit  oetil  ?SI  eharaetera, 
Ua  pirfontmci  of  tlngli  throogh  lextrmiry  imr 
correcting  code*  was  iTTiatlgat^.  figun  7  ahowa 
tlw  pirfomnci  uf  Un  tu-loui  coding  ichom  aA 
th«  aant  l^omtlon  rat#  as  thi  unprotrctnd 
character,  all  tbo  cumi  lagr  vltbln  tba  ahadid 
area  of  U«a  graph, 

piscresicg 

Based  on  the  preceding  evanplas  and  the  eealoattaaa 
of  tha  redxodant  eodaa,  tha  foUawli^  facta  Mara 
obsamd. 

1.  Sona  radendant  codea  neter  gata  an  lacrsaaa 
In  perfonunca  for  an/  talna  of  P^. 

2.  for  the  other  redundant  codea,  there  ezleteg 

a  croaooter  point  at  aona  valua  of  Abote 

tha  eroasotar  point,  tha  unprotected  character 
outperfersfd  the  redundant  code)  belOM  the 
eroasotar  point,  tha  redundant  eodaa  ootpaiu- 
for  cd  tha  unproteotod  character.  The  Inoraaaa 
in  .erfonaanca  boconaa  larger  aa  tha  probabllit/ 
of  charactar  arror  la  reduced. 

3.  In  all  tha  azarplta  intaatlgated.  It  eaa 
queatlcnable  vhethar  tha  arnll  incraaaa  la 
porforaoaca  Juatlfiad  tha  Inoraaaed  eoa^ilaxit^ 
of  the  aqulpaaat. 
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A  KSAl  TM  mMSXr  MA  TMUaOBaXOH  stsm 
By:  Kr.  B-  B.  Bennackar,  Qyataw  Dlalrt— ,  CoUlAa  Radio  Ccmp^nar,  Burbank,  CaULfbrnlA 


Iblt  paper  dltcuaacs  briefly  tha  need  for  tim 
real  tine  IranselealGii  of  telmetry  data  ftrm 
renote  tracking  ttatlona  to  a  central  cosputl/* 
facility  and  then  dcecribee  a  aodularly  erpanal- 
ble  ayetaa  vMcb  can  \itillte  either  3  ^  volea 
lines,  or  KF  radio  fsollltlea  vlth  a  high  de«:rw 
of  apectrua  ecoaervatloiu 

It  also  Includes  reoarka  on  the  econoalc  coc^ 
aldcratlont  of  real  tine  data  transnleiioii  aad 
the  advantages  of  digital  veraue  analog 
techaiquee. 

The  Need  for  P.ral  Tine  Data  Transciissloa 

At  present,  computer  Input  la  limited  mostly  to 
paper  tape  and  punched  cea*ds;  fes  from  a  real 
tine  altuatloa. 

Tbe  present  lack  of  a  rapid  data  IransalaatA 
facility  Imposes  a  severe  handicap  on  the  fall 
utlLliatioo  of  cenrputerc  which  Intelligently 
applied  can  be  much  taore  effective  and  eco¬ 
nomical  than  teams  of  people  pouring  over  reaaa 
of  paper > 

Ibis  handicap  will  beccrae  more  apparent  after  the 
IcstAllatlon  of  lar^jer  rvore  scvhletlcated 
ccoputcra* 

The  troninUalon  of  telervetry  data  over  long 
groMod  dit»tancea  In  real  tloc  for  analyala  at  a 
central  data  reduction  facility  has  lorv:  bceo  a 
dcfilrcl^le  objective  thrcu-y.sut  tiic  alacllc  and 
alrcraJTt  Industry.  HovcN'cr,  until  the  advent  of 
apace  procfreioa,  the  coot  and  co«p lenity  of  auck 
a  syateaa  outvei^^cd  Ita  advantages*  For  aiaaile 
and  aircraft  fUrht  teat  evaluation.  It  was 
dcQcd  core  feb^slble  to  record  data  froo  the 
vehicle  oo  ma<7)etlc  tape  and  ahlp  the  tape  ba^ 
to  the  hoot  pliint  for  final  reductloo  and 
aiuUysia.  (There,  of  coujrae,  has  always  bees 
real  tlioe  recordlrs*  at  the  test  site  of  analog 
data  for  quick  look  purposes.) 

There  have  been  sooe  notable  exceptlcoa  aucb  ma 
Convalr'e  use  of  a  leaced  nlcrc«^ve  Uok  for 
tranuaieslon  of  data  free  Edvards  Air  Force  Baae 
to  the  Convalr  plant  In  Saa  Diego,  and  Coeixig*> 
use  of  telephone  Hoes  for  data  tranmlssloo 
between  Cape  Canaveral  and  Seattle  on  the 
Bonarc  pro  raa.  Such  syatema  were  the  exceptloo 
rather  than  the  rule  In  aircraft  and  alsailc 
testing,  hC7WfVi*r. 

Tracking  of  the  first  satellites,  t»de  the  traoa- 
mission  of  data  in  real  tlsic  over  long  dlataocea 
a  nccccclty.  irancaicflion  of  tracking 

antenna  acquisition  data  between  etationa  of  m 
tracking  cctvork  wais  accomplished  by  dlgltltlng 
the  outp^it  of  antenna  position  cervos  and  by 
tran:;."ilttln.3  tnls  data  Li>  standard  teletype 
format. 

The  near  real  tine  iransnlsElon  of  payload 
tebr-.?try  data  frevn  satellites  and  opace  probea 
to  a  ccnti'al  conp-jilng  facility  hao  also  becooe 


highly  desirable  If  not  essential  Im  aoM  eased* 
This  is  particularly  true  for  iwiDed  vehieL»a« 
auch  as  the  Hercury  C^aulm  where  rapid  data 
aiAlysls  aad  decision  iMklhc  aaaentlal. 

Bxsilples  of  lai>:e  dlrital  data  procr«sing  aad 
reduction  facilities  developed  by  the  aircraft 
Industry  are  the  high  speed  POI  aystea  dereloped 
by  CBC  sjvl  Douglas  for  um  in  the  DC-8  evaluatioa 
and  the  systea  which  BoeliW'^  used  oa  the  B-52f 
KC-‘lj&  a»3  7D7  proeraaa. 

All  of  these  syateas,  however,  operate  oo  data 
after  it  has  been  recorded  on  nogiketic  tape;  they 
do  not  provide  for  real  tlae  data  transaissloa 
and  reductloo. 

Space  craft  of  the  future  will  undoubtedly,  aa 
oore  powerful  vchlclea  are  developed,  Carry 
successively  more  ccoplex  and  sophisticated 
p^loaia. 

It  la  likely  also  that  more  track  log  and  receirlag 
stations  will  be  ectabllshcd  sround  the  f.lobe  and 
that  auTV  Investigative  alsslons  will  be  ataced 
simultaneously* 

All  of  the  above  add  up  to  an  Increasing  voUmm 
of  raw  tclc:-ctry  data  and  a  auslu'ocBiliig  re<^ira*' 
meat  for  collection,  tran:,ialS9l(a>  ai»d  reduction 
of  this  raw  data* 

la  fu\f  specific  program  wttlch  is  aowvlly  Managed, 

It  is  Ihot  It  would  be  dcsircblc  to  usa 

inforttstlon  gleaDcd  fren  earlier  sisslors  to 
revise  or  xxjdlrcct  the  tf^j'haols  of  later  alsstooa- 
In  sate  cates,  oxpi'dltlous  poet  aortear.  od  aborted 
■  tsslons  may  be  able  to  Identify  we«>j>essea  vtilck 
can  be  cormeted  before  the  launching  of  later 
missions  ojvi  save  much  valuable  tisK,  effort,  and 
money* 

As  probes  are  sent  d^rper  Into  emter  space, 
accuracy  rcqulrecwnts  for  trackljv*  data  will  be- 
cuae  more  otriivent.  In  fact  tolerances  of  ona 
cycle  of  doppler  and  one  thc\»iBndUj  of  a  derprra 
in  bearing  have  been  c  )gy.ested  by  co^lsazit 
personnel* 

MsATicd  space  craft  will  increase  the  need  for  real 
time  trafisalssloo  of  teleootry  data.  Doctors  are 
already  cemsaencing  to  use  cooputera  to  assist 
them  in  improving  the  speed  and  rellabllit/  of 
their  dlaohoces.  Vltn  the  life  of  a  man  ia  space 
depcndlnr,  on  proper  fud  prcrjpt  interpretatloQ  of 
teleisetered  phy8iolof:ic%l  measumarnta,  speed, 
^curacy  and  reliability  all  beccae  oore  ii^>ortaat. 
Present  tcchniiiues  arc  Inadequate*. 

Un-maDoed  vehicles  atteisptlnr.  to  maneuver  near  or 
land  («n  other  planets  or  satellites  will  alao 
requixe  real  time  transilsslon  and  redijctloB  of 
data. 

While  general  trends  are  predlrtable.  speelfle 
requirements  for  data  transmlssioo  and  xrd\>etlam 
must  depend  on  the  pro-^rasis  which  are  actumlly 
asslr^K>d  and  execute. 


9m  lAst  lt«a  Aovn  1*  •  Tracklns  tote  Ststlcls«r 
which  cooverte  Mrlal  trarklBg  tote  U^mt  to  • 
puwltel  outeut  Milttote  fbr  triwlirtto. 


A  Hoi  Ttee  Tcl—eW  Date  Trwnralulco  BYite» 

tofm  entcrtef  Into  4  dlscuitloa  of  tha  tote 
traivieiBsioa  cjatea  toacrlfacd  torelOt  it  lena 
■pfiroprinte  to  review  briefly  the  cooelderetlocM 
which  lad  to  the  eelectloa  of  thla  eoluttoa. 

Acy  nap  be  oaotenaed  aa  fcllcwa: 

I.  TtwcUos  and  Mcwetry  Date  ahmild  ahare 
traiMalaalon  faclUtlea. 

S.  Ihe  ayatea  auat  be  able  to  handle  varloua 

type*  bf  tote* 

3.  Hm  eyatea  nut  be  oodularly  eepaodable. 

A.  Tarlabla  accuracy  eccoding  will  be  leiulred. 

J.  Upper  llalt  on  data  tranaBiaatan  bandvldUi 
to  be  20  ke. 

Finally  .  t  vaa  totcTalned  that  while  aaixy  In  tha 
country  have  or  are  expectlii^  to  derelop  prcbleaa 
nipilrlng  thla  type  of  ayatea,  bo  one  baa  aa  yet 
provided  tha  aolutlou. 

9ke  ayatea  deacrlbed  below  acete  all  of  the  re¬ 
quirements  as  reviewed  above  and  excapUflea 
predicted  trenda  In  Data  Tranaatlaalou  Syateau. 

Figure  1  lUuatratea  all  of  the  eLeaents  of  tha 
basic  aodule  of  Ihe  auegeated  ayatea. 

fa  the  left  aide  of  ngvre  1  la  shown  the  trana- 
Ktt  alda  of  the  eyetea  which  would  normally  ba 
located  at  one  of  tha  tracking  altet. 

Starting  at  tha  top  left  of  the  ftcuret  ws  find, 
a  Frequency  Steoiard  aod  a  Syncbronlter . 

Ibe  Frequcrcy  Etoodaid  In  effect  la  tha  prlaa 
aourca  for  the  Synchroalter  which  generatea  a 
train  of  aynchr'nlalng  pulaea  which  are  fed  to  all 
of  tha  other  unlta  oei  the  left  or  traoemlt  alda 
of  the  figure.  Tha  ftirctlcxi  of  theae  pulaea  will 
be  deacrlbed  later. 

Tha  next  unit  ftm  the  top  on  the  left  la  a  Tina 
Ctaiverter  wboae  Input  la  tine  and  whoae  output 
la  dlgltlted  tlae  cods  InfoTeiatlcn  to  ba  trana- 
■Itted  periodically  with  the  tote. 

lha  third  level  down  ccoalete  of  fra  cna  to 
eight  )X  Fbaae  Lock  Uxg)  Dlacrlnlnatora,  each 
vtth  ite  own  Frequency  Counter  and  BCD  Encoder 
with  a  DccIbbI  Dlnplay  <xitput ,  a  Multlpleur  to 
Bcaa  tha  varloua  rutputa,  and  a  proereiinabla  ECC 
to  Binary  Ccoveiter  thlch  prorldsa  dlgitlxed  FM 
talanetiy  tote  for  tranamlssloa. 

Bwi  fourth  Iten  down  la  a  Randon  Sequence  Svaat 
Detector  end  Monitor  idilto  aamltors  selected  M 
telemetry  chanoela  for  the  occuntmea  of  rarlcus 
anticipated  evente.  (ta  the  occurrence  of  an 
event  the  PsaM  which  haa  been  emitting  seroa, 
laanea  an  alert  code  toleh  la  followed  by  the 
dlgltlaed  event  tote. 


The  next  Item  In  the  date  tiMimataelto  path  ta  a 
Fluggable  Date  flynchroBlacir  and  Dtatrlboter  which 
ecDalata  prinarlly  of  a  sin  by  eight  bit  army  of 
core  shirt  reglaterB  with  downward  vertical 
afalftlng  and  right  band  horlaeatel  ahlltlns 
Froperttas.  The  Oa  la  tha  figure  rapraamat  Isgxit 
and  output  catea,  the  Ks  icsoraant  eowotem,  and 
the  Pa  represent  parity  grnrimtoaa. 

Input  to  the  rcglatem  la  by  maana  of  aln 
parallel  lines  feeding  In  through  tha  vvpar  to 
Input  gatea  and  output  la  ucrlally  through  the 
elvht  xtght  land  gates  and  parity  generatara  at 
300  bits  per  Una  par  socomd.  Bm  basic  ^Ung 
rate  of  the  FD6D  la  appramtemtely  JO  per  aacond. 

The  eight  reglater  lines  msy  be  coshlnad  In 
wnrlous  wnya  and  galea  added  or  deleted  as  m- 
4ulred  utilizing  tha  asaocteted  plugboard  to 
fhcllltate  revlaloaa.  the  object  la  to  asalgo 
reglater  Uoea  In  direct  paoportlcm  to  the  bit 
ntes  of  the  liqiute. 

In  tha  exanpla  ahowa  register  Unas  ham  bcaa 
assigned  aa  foUowt  with  the  Indicated  aaskm- 
ptlona.  One  3^  bpa  Una  for  synchraclZAtloo:  a 
aynchroni zing  word  being  trausadtted  each  cycla. 
One  3^  bps  line  for  time  aaauilnE  that  even 
though  one  c<xq>lete  time  word  would  prchobly  ha 
longer  than  alx  bite,  that  ttea  wwld  not  ba 
tiaoKiBitted  with  each  cycle,  but  no  mora  fra- 
quently  than  cnee  every  several  eyclas. 

Ok  300  bps  line  hat  been  aasl^ied  to  taaewUa  tha 
output  of  the  RSidM  on  the  basis  that  thta  In- 
ftamatloQ  rate  would  be  Icaa  than  3OO  bps. 

Qm  300  bps  ilne  should  be  uorc  then  1  «h  ipiata 
for  Tracking  tote  re^ilrcnamts. 

tour  300  bps  lines  were  ssstgaed  to  handle  tha 
digitized  FM  telxwetry  date  on  the  aasuvtloa  tost 
the  lin.cst  sight  DUO  chaoneln  sure  being 
Mcwitated  at  tha  aaklMaa  rates  and  dlgltlxad  at 
alx  bits  per  sasvlh. 

The  rmlt  asTked  TK-306r  la  a  Klneplxx  tzau- 
■Itter  with  a  capehllity  of  handling  eight  300 
bit  per  aecood  Input  chsaaKla  end  using  tMs  in- 
tOzmatloD  to  modulate  a  3  kc  volos  chsnaml. 

Operatloo  of  the  aystem  would  be  as  folteuai 

I,  Od  acquiring  the  apaos  vehicle  aa  soon  aa  good 
■Ignals  were  being  received,  the  operator  would 
Introduce  a  Start  algnnl  m  aiiiiy  Into  the 
synchronizer  which  would  ccamanca  mlttlag 
aynchrcnlzlJV  pulse  tvalns.  The  Start  adgnal 
wculd  reset  all  cotmtera  Cd)  to  zero. 

Z.  As  aooo  as  a  aaster  synchroDlxlng  polaa 
oocorred  in  each  of  the  four  Input  areas  a 
coincidence  gate  would  opcm  the  perallBl  livut 
eatea  end  the  registers  aculd  cameace  to  fill, 
with  the  synchroslzlng  pulaea  doing  tha  naceasaiy 
shift !!«. 


3.  Comm  mo^naltAtlon  Is  sccovUsbel  1>7  tbs 
sssig—  nt  of  shift  l<Ct:lBtflT  lines  as 
tha  basis  of  livot  data  rates.  Fins  ayaibnsd.- 
sstloa  Is  iiiinrtisd  bf  tbs  SynchraDlter ,  vith 
blssik  'KTds  Issi  rtid  ss  necesssr;  In  tbs  loisit 
cbamels  to  ^ilsfsls  out|^  rates  cospstlhla  iiltb 
tbs  tnaatoslsB  s^^posot. 

b-  Sw  couitara  BDaia  Incrtaent  eech  tins  s  Unn 
In  tba  sbeodstsd  raetster  wss  filled.  In  this 
enable  four  of  tbs  eotsiten  Muld  count  to  1 
•hlln  tbs  fifth  wold  rssch  s  count  of  k.  lbs 
rouBten  s«a  erasected  sodulsrly  sa  srs  tbs 
xcdlster  Tints,  thus  tbs  etiiaeltr  of  s  (Iren 
counter  voold  ta  tbs  ssaa  sa  the  msiber  of  Unas 
In  tbe  sssoclshsd  register. 

3.  Wbea  tbe  wt ns  Indicated  tbst  tbelr 
reslstcrs  sera  <011,  the  Input  gstes  would  tie 
closed  snd  tbs  ootpot  gates  opened  to  allow  tbs 
registers*  craSsiiti  to  be  resd  <xit  sad  trans- 
Bitted  bjr  tbs  s.ao6r. 

6.  fttrlty  falta  woold  bs  generated  oa  tbs  data 
was  xcud  out  sr  tbe  shift  registers. 

T-  As  tbs  Issrt  InfOrastlOD  bit  left  esch  regis¬ 
ter  line,  tbs  ostput  gates  would  be  closed,  tbe 
liqait  gstes  wesU  be  opened,  tbe  counters  wonld 
be  react  to  son,  snd  tba  registers  would 
coaoenee  to  fill  agnln. 

On  tbs  rl(3rt  aUa  of  Figure  1  la  pictured  tba 
receive  portlo  of  tba  data  tnuumlssloo  systeo. 
nonsalljr  located  at  tbe  central  faclilty. 

3t  Inclndes:  aTS-20£B  Klneplcx  lecelve  ladt 
Mblcb  rtrmdn'Udas  tbs  Inccnlng  sl0>aX  aid 
distributes  It  osrr  8  paxollel  output  lines;  a 
riu'Oble  Hots  HjT»chroiilt<r  e.M  Statlctier  which 
differs  from  the  transnlt  roSD  la  that  Its  regie- 
ten  ham  a  seven  bit  iddtb  to  store  the  porttF 
bit  cod  they  bsNt  a  serial  Input,  and  shift  ev- 
«%rl  sod  out  la  paxoUel. 

Cie  SynchEoalM’  sod  Fre^ueocy  Standard  perfbra 
tbe  sans  ftoetlou  u  tbelr  trsnaidt  countcipcrts- 

The  Kultlplearr  collects  tbe  incosLlng  data  sod 
lntir>ducea  It  to  tbe  Ii)'<  Direct  Dota  fcatAire  which 
rebuys  It  lote  the  IKM  VO90  cooputer. 

Cv^'wtloo  of  ;/atca  end  couotcrv  on  the  receive 
aide  la  alallss  to  tiat  i«i  hV  Ironoill  slds. 

A  pe»  p~.Tltr  Mt  Is  ^mratel  vs  date  1« 
resd  Ipbo  :bw  ncelrlog  rci^tnl,-rs  uid  cto-psitv' 
vltl.  the  s^jiawltird  per.ly  bit  Vdeh  Is  Iset 
Wv  renrlnrd  lis  tmtJi  line-  Jerity  error  LtU- 
cetJous  could  bo  vecu  to  slgivil  the  c'B;>ul«r  te> 
dlsregicrd  tin  Jtra  li  rrrm'. 

Zn  the  event  tbvt  greeter  than  »J,x  bit  swicurscy 
la  re«i.iircd  ns  a  pn>-t.lculnr  Itea,  two  c«r  nan 
levels  or  Uoea  my  be  aes.'gocd  oed  tbe  data  fW- 
the  Itca  dlrldd  Into  ell  bit  I'xraaieats .  1 
•even  bit  Itca  wuld  be  sent  In  ..vo  Lines  with 
the  least  alv.vlflccnt  six  hits  sent  lo  oao  lias 
ap'V  tJi-  moot  sl9iinrsTit  bit  sent  lo  tbs  least 
significant  hit  position  of  tbe  !>ext  line. 


Sts  bite  soa  eboeen  as  tbe  borlsontal  digs— lea 
of  tba  inOD  on  the  basis  of  tbs  Boat  eaaa:a 
occurocT  requlrenents,  eooslderatloa  of  cei^ntar 
void  lengths,  tlalog  tolsrsnces,  sad  oaBSsrvhttca 
of  spans  sod  nonty. 

The  syaten  described  herein  offers  fXexlbllll7  ftr 
real  tins  traasaduioo  of  data  ranging  froa  a  lev 
capacity  single  systea  to  s  high  capacity  atogie 
systca  or  ccablhatlcos  of  systess.  This  flexl- 
btuty  la  achieved  nercLy  by  adding  or  sii>- 
trsctlng  ploggabls  nodules  sod  by  ebangtag 
rlugjboaxd  eoBflguratloDS . 

Bcoooalc  Considerations  of  Beal  v*as 
Pets  Trenstasslon  Metboiliii 

Comenclng  with  tha  reqalreaents  that  tbs 
fsclUtles  snd  oetbods  of  data  tranjolsstOB  eoa- 
aldered  nut  be  available,  rellabls,  and  aodu- 
lorly  eQaoslble  to  an  upper  Unit  of  sraaat 
twenty  thousand  bits  per  second,  teletype, 
telepbooe  voice  line,  and  privately  owned  high 
frequency  radio  were  selected  for  cooparlsoo. 

The  tbrva  were  eoipared  00  the  basis  of  oseroU. 
cost  In  dollars  par  nentb  for  a  lUstancs  of  one 
thousand  oUes  versus  systos  cspuclty  In  bits  per 
kscoad. 

For  tbs  fullest  utlUutlcn  of  tba  rolce  xeA 
U.F.  radio  facilities-  spectiux  conier’/lng 
ternlnal.  cqulpnest  ue*.r^  orlbogcnsl  predicted 
♦av»  det.v«nlo*i  technl,;  -s  va»  selected.  Other 
systesw.  eenstdend  pro  ide  less  data  tjonralsslca 
cupocity  for  equlvsJbnn  cost. 

Costs  of  all  purtbssed  equlpcxaut  bsivs  been 
oaCTtlied  ov«r  a  sljcty  sonth  period.  Tbletypa 
sol  phone  line  cost  estlsstes  vara  obtained  ftca 
A.  T.  and  T.  CoiQaay. 

The  results  of  tbe  cosporlsoD  are  sbeon  graph- 
tcslly  In  Figure  2. 

Points  X^,  X2,  and  Xj  ore  tba  capacity  tbrasboUs 
for  tbe  itspcctlve  systeas.  For  the  saks  of 
slnpUcty  It  Is  ssswjcd  that  Increases  In 
mpeclty  to  the  right  cf  these  points  will  be  nada 
ooduloi'ly  for  each  systea. 

It  will  ha  see  of  car  tbs  graph  that  teletype 
ccftw  rWt  -t  vlh6e  per  suitb  for  a  75  bit  per 
secesvi  systca  sod  rise  to  sa  exbcrbltnnt 
$1)^  .500  for  a  STstea  csfchlc  uf  bAryiHiyg  orostd 
twenty  thoueond  bite  per  second. 

Kln.rplcx  voice  line  cuets  start  at  $8125  for  a 
£l‘,t3  bit  per  secotid  systea  and  rise  to  only 
^h,CkO  far  a  vieuty  tbousonl  bit  per  sccood 
aysteu. 

tln-pUi  HT  rVlo  coots  etort  at  $9^85  for  a  2b00 
bit  per  scjocl  Tint  and  reach  <1  — 1  of 
»3^.3SO  tor  iW  £0,000  bit  voLtw. 


Irtc rc ktlj's  to  >u/*o  ie  tha  very  narrow  cepoclly 
ra;.ja  (2-5  to  £,o  bite  per  scccnd)  In  which 
Uletyps  Is  superior  to  a  Kinsplnx  voice  11ns 


la  rat* 


TiXliV*  cojaiuncc  of  the  econcMle«  autaisalilc 
vltb  (Tpectrua  con»ervljiC-  hlch  pcrfocMnec 
terainiO.  eciulpnent  4t  data  ratea  above  HIta 
per  aecond,  it  appears  that  It  wuld  be  better  ta 
atari  vith  such  equipment  uheocver  tt  la  antici¬ 
pated  that  data  tranaaiaaloD  capablUtlea  aceaber 
than  thoee  of  throe  teletyvc  liaea  vlU  be  ra- 
qulred. 

Pt7.it.a.l  Vcraua  Ai\alo^*  7oehnl<n>ea 

IH,  FAH,  and  Pn4  ayatcaa  have  been  used  la 
vorloua  procraaa  r;>r  several  ycara  and  will 
probably  find  continued  uae  because  of  c^tpaent 
atand^LTdlialton  a-vd  avallaLility  •  and  because 
rccelvLry;  cq^iipoent  la  available  at  all  teat 
raticea. 

Althcn\*^  PCM  (dl^'.ltal)  ayateoia  have  been  la 
existence  for  ao&e  yeora,  tlicy  have  heretofore 
been  tapmctlcal  bocauoe  of  lar;e  alze  tod  wl£ht 
and  hlch  coat.  (Also  the  fart  that  do  FQt  re 
celvin^  equlpocnt  vas  available  at  >:orenmeal 
teat  ranges  probably  delayed  uae  of  this  systen.) 

Eecent  technological  dcvelopoeata  have  enabled 
the  dcaUjn  of  nev  P04  equLptarota  of  acceptable 
aLte  and  t^tcht. 

The  advaote;:ea  of  PO(  ever  analo!  tech&iquea 
becljD  with  the  fact  tnat  PCM  exhibits  noae  of  the 
errors  due  to  tero  drift,  dlctortloo,  omsitlvlty 
chend*?  other  errors  vhlch  are  Lnaeceat  la  aa 
analog  c>ate.*««  The  criteria  for  PCM  trenadealon 
belns  that  atcoai  to  nolae  ratio  be  aurnclcot  to 
detect  the  preaeoce  or  absence  of  a  raise.  Ohct 
UUa  pvLnt  is  reached,  the  syaven  Is  Sndepcadeat 
of  noise  Level. 

Varlaf'i.*  accureclea  arc  readily  obtaifinhle  vlUi 

TPCM. 

Greater  ccxasunlcatloo  efficiency  vith  PGM  la  a 
dla4.1nct  a:3vaiitK2c  vhen  conoldcriQ^;  the  lov 
♦rttvAiittcr  per/era  available  In  deep  epaee 
probes  Vurlabla  oondvldth  tosy  be  ^»^ed  co  control 
frcB  ctirth  to  oLixiJLLae  thla  advantj^'e. 

rCM  can  to}e<a*.e  recerdexa  vith  poorer 

freii\«»*c;*  Ihcr  tnosc  xv\j^*lzed  fbc  analog 

XVCOniiJl^* 

•/tvr  vse  of  eU.pllflea  tN;  da^Vk  TecxyT^liics 
pi  jt  ^ea  by  providing  itta  Lr.  a  a  esfi  ba 

readily  liv'.'^^ted  \iy  a  cca^tcr- 

It  can  be  rht^n  t^,^x  tt.  la  mm  ccoo<ir?ijciJ 
reduce  leodcraw  vu2taca  cf  daxa  ^ 

digital  rsther  to^  -vnalog  Bcthola* 


THe  X>lglli>ek  orthogonal  digital  ayatem  pinpeaat 
by  Space  Blectrotxica  Coiporatioo  haa  an  even 
greater  ecanaailcatloo  efnciextey  thaa  eomna 
Uooal  PCM. 
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Fl(«r«  1.  C«M  Coaip«rt«(M  at  Ttlatjrp*  and  KIim|i1«>i  Orar  a  1000  Mila 


eowinxs  consoLiD  idtomxk  ninome  ud  crscxon  msii  ra  rme  nt 

Bjt  tmjmooi  J«  BrMtan,  Fir*  Contrvl  D^dgs  CnglitMr,  TnoikforA  BrMBftl 


Vtqwaa  ijtlimi  la  imlofmat  tarlag  •• 
••rly  19M'a  era  oar  la  th«  flaUU  SophlvtiMM 
«»«pau  tjatama  la  d«rT»lo;a*aB  ilix»a  tta 
19SO'a  an  atartlag  ta  aaka  thalr  lat*  •• 
flaU*  1h*M  Motala  vab-«y*t«aa  dtlA  la  1ka» 
Min*  an  latrloata  alaalxcala  ia4  alaato^ 
aashaalaal  aaa«abll*(a  Oaaplte  li^raraanAB  ta 
nllaBlUty,  Umm  ooi^ln  ijitaaa  skill  rt^lrs 
fraqoaak  aad  a  daplorabls  aasoit  at  tim 
saniiartin  aalatanaaos* 

Ihlls  asapcaa  STitan  Show  ajqr  ansa  at 
lacsaiooB  ilsttga,  Hit  Balatsaaan  si^pcrt  at 
ihaaa  sjataM  bat,  infotrtvBataly,  aot  rtaataaC 
tbs  earns  aHantlae.  CoomatloBal  aalatsaana 
procwlurts,  utilising  \alQna  and  apsslallatt  ksat 
squlpnak,  opantad  by  high  tedialoal  sUU  Isaal 
parsoonl,  ara  aomutly  nqulnd  to  salatala 
kbata  atapoat  ayatauia  Tba  uaa  at  paaoltar  m 
mlqut  task  aqulpiaot  for  aaob  ct  kbasa  a^baa 
tTstana  hat  baccaa  an  ii^onilbla  hordes  n  kka 
allitary.  ULlntesanoa  a^ulpaaiit  baa  akartat  to 
rlTal  ttw  aeapona  Byikeeu  Is  qocstlky,  ao^laal^ 
and  ooak.  Cm  tnlnlsj  of  highly  tUllat 
kaohnlsUat,  kha  Kalnkaoaoea  of  a  Lares  ta( 
aosplaz  loglatlas  atj^ly  ajstaa  and  tba  aaak 
of  rapalr  In  t»<a  flold  firthar  hand  ka  radosi 
tba  otarall  affaoklvaiMsa  of  ttaaaa  asspnt  ajatiaa. 

Tha  nlLltary  affaotlnaasa  at  khaaa  asaeaBt 
ayskaaa  la  dapandask  inco  rapid  aad  prayer 
nalntasanaa  la  kbt  fl^« 


Waepoat  ajakaaa  today  rspraaank  tha  aaa* 

hat«rogsr.aoua  oolleetlca  of  soapeoBota^ 
aseoilillaa,  asaesbly  kaohalqust,  oalkage  aot 
algnal  lasalt  Ino^nsbla*  Tha  Ordnuoa  Csifa, 
mib  Its  rocTeasLLlllty  to  tha  Anqr  far  iTrlra 
Isg,  dfrraloplnc  and  rslntaloicg  this  appanadSy 
ao  jlass  aarlaiy  of  r^rptua  syskom,  bad  ta  fCil  a 
aoltrtioQ  to  tha  ’Irposslbla*  aalnhsoenea  task. 
Coopletaly  nso  and  adannaad  tHlidrleg  la  tha  fSaU 
at  r-Ust^'iM>aa  hid  to  ha  wdert^kn  la  as  aMa^ 
to  Cists  Ul^ly  aopMstloated  ns^Moa 
ayttacA  cperatlaenl  and  taotloally  aaafdU 


Trc.-i\ford  Aixastl,  with  haohgroiaid  ad 
axparlsoM  in  tLa  field  of  digital  eoaputern  aad 
digital  eontrol  dsTloia,  oaa  raqasatsd  bo  aoidab 
tba  dnqr  OrduTsfO  Clsslla  Towvjtd,  its  boa 
igettslss,  J'-i-y  lloohat  and  Ouldol  IStslIa  dgaaay 
and  Ar-v  Ctvllistls  tlsslla  igeooy,  and  bs  aatlak 
tha  Cblsf  of  FUld  Serrlsa,  Offloa,  Chlaf  aT 
Ordo-noa  In  flxdlng  a  solution  ba  tha  nalabaBanai 
pr obits. 


Cis  hs.tla  ptHa  Hast  aara  ratksr  atnl^^ 
foroird,  thab  In,  Ui  h>sb  squlputib  had  baha  a 
derrlos  thab  s-ia  hoCi  tnlnrtal  la  aptiliaaldn  aad 
autcvr.tlo  la  operatlos,  Alto,  tha  task  ay^^sHI 
had  to  oporota  t4th  sany  svspona  ayvtana  oarrtsh- 
ly  In  tha  fltld  and  otlnr  n.-pena  ay^taaa  la 
adTSsoed  stagoa  at  dtrslopomt  without  Ispaaltg 
tpaulsl  requlrsLi^sta  on  t'l*  ayabraa  to  Mhbsss 
Ocryitlblltty,  Fi-Vwr,  the  baft  sqnlpre^  hat 
to  ba  In  ItaeXr  reliable,  rsarooAbly  low  stab, 
opershlo  and  natxteilnahla  hy  slllttry  paraMat 


with  low  taahDleal  skill  Irsala.  This  Aorrlaa  had 
t«  ha  aanll  anougb  to  ha  highly  adbllt,  avrlwa  la 
tha  allitary  f  laid  agrlmnaait  and  pro^a  tha 
task  aapahllltlaa  alth  ai^flnlaab  apatd  ba 
affMtlsaljr  ttf pert  khaaa  aaapena  ayatsaa, 

A  thorough  Ineaatlgatlsa  at  all  antoaatla 
typa  taat  aqulpeant  than  halng  dasalspad  la  thia 
aoishry  rasaalad  that  thay  aara  all  sarlal  taps  ar 
oord  progran  ayatsaa.  lhaaa  davloaa  still 
rtquirad  eparators  of  raatoaably  hl^  skill  lasol. 
Fault  laolatlos  ability  naa  not  aufflalast  to 
alinlnata  ths  ssad  far  highly  tldllad  boohnielaaae 
Ca  tapa  prograsaad  laileartal  teat  tab  In  Itaslf 
ssa  aufflolantly  oai^laz  sa  to  praaonb  Iba  ost 
nalntssanaa  prcblsae  ta  Us  oaar.  Farther,  theta 
dsTioas  rsqulrod  nasy  earlsd  and  sosp'on  adaptero 
to  fsrthar  oosplioata  tha  operetlaa  of  tha  teat 
sat.  Lest,  but  hy  no  naana  least,  the  pragrs» 
sdsg  of  thasa  darlsas  naa  astrssaiy  oo^pllsatad 
aad  dlfflanlt. 

To  allninaba  tha  highly  tklllad  taaboltlaa, 
tha  taat  a{)ulpnBat  had  to  haso  sum  aaalyblaal 
asnshlllty  la  addition  to  Its  roesurlng  aad 
ecBtrol  oapablllty.  Cm  gooeral  purposo  type 
digital  oonputar  inasdlatoly  baoasa  tha  Ida^ 
dsTloo  to  prowlda  tha  naeassary  fonatlens  of 
arltohlng,  ocntrol,  ssasuraeant,  storage  and 
arUhsatla  analysis,  Frankfcrd  Araanal'a 
azperlsnos  with  ths  Jvko  Boz  and  FAJliC  digital 
aorputors  showed  that  tha  other  raqulrsnaots  for 
operation,  nalntananoa,  sUa  aul  ooat  aould  ba 
net, 

A  progran,  epooeorod  by  Amy  ItoAvt  iu)d 
Oiddad  i&sslla  Agency,  eUrtlng  at  Fraakferd 
Artsoal  la  daauitry  19^  and  and  lag  tha  latter  part 
of  Kerch  1999.  had  se  Its  goal  pTorlag  the  faaM» 
hlllty  at  eotputor  eontre]  aatcoatla  hast 
aqidpaantj  Tha  restlblllty  breadboard  la  ahov 
U  elide  FI. 


/ 
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Ibl*  «■•  U  s  10 

•raaa  ter  avlMM*.  Sw  t»ptmi\r  tt  fte 

STatea  ta  unit  attenll  te  tea  *■!* 
■dw  teal  aaa  10  tta;^  faaotlao  Uaaa  ta  aqr 
at  SO  oatpot  teat  ladt  liaaa*  Ite  10  fwiaMaa 
llaaa  aoald  te  aaaaaoted  t>  10  at  tea  SO 
ootpte  Itaaa  at  tea  mmm  tlaa. 

tea  aaal|,aa<  tmmOUm  tea  tea  10  llaaa  aaa 

1  •  aatar / 

t  o  aater  . 

5  -  aelteca  / 

0  “  aaltejB  « 

5  •  raatateaaa 

6  •  raalaHwa 

7  •  abort  1 

8  •  ahart  1 

9  -  abort  t 
10  •  teart  8 


la  addlttaa.  tea  aaaairaBmta  parforaad  aofa 
Halted  to  raaiatereo  aat  iC  aad  DC  Toltaota» 
StlavU  aaa  Halted  ta  DC,  6o  100  epa  mi 

10,000  opta 

laeata  to  tea  talt  tter  teat  aaa  Halted  ta 

laput  and  outpat  aonoaotara  aJid  ttea  aocteate 
aliartlg(  bataaaa  aoaaat  polsta  aaa  paradttedi 
haaaaar,  opaaliy  of  op  draolt  aaa  fTohlblted^ 

tea  traadbaard  aqiilpaant  ma  oapabla  af 
laolatit^  <r  datamXalx  tea  aaiual  aaloa  af  all 
oampomtAt  la  tea  rolloaltif  typleal  alraultc* 
(Juoaata  polsta  ara  sboiai  bp  lattarl  and  olralat). 
Ollda  fi 


Odo#  tha  aoloMaa  ef  tea  nataork  aaa  dateralaad, 
tt  aaa  traated  aa  a  ate-routlna.  All  that  aaa 
raqidrad  to  aolai  tea  irtawjrt  ^  t 

dlffarant  circuit,  aa«  to  atora  tea  Talaaa  af 
tha  plaea  parta  aatd  tealr  tolaranoaa. 


tea  a«art  aaa  aartarta*  ta  aa^ilara  dar* 

adaaniad  otraolt  aaalpala  liitalrted* 
braadbaard  f  aka  Om  ao^ater  aaa  rapliaad  by  a« 
tor^.  fl»  Mr-30  aaa  latacrata«Ca*a  te* 
bratdboard  a^alpMaft  atthoat  aadlTpUf  tea 
ao^ubac.  *  aaltaMtei  Miter  aaa  alaa  ateadi 
tela  la  aboam  ta  tuda  #3 


faohnloal  datetela  af  teU  proc»a«  ara 
andlabla  la  a  rraakfarO  iaaaaal  tapcrt 
H  60->l. 


Aa  a  raanlt  af  tWt  cwarall  ^•*’?*»  * 
aoaauter  aoutroUar  apaoinaatlite  bat  baa* 
oraparad  bp  »a»fcfar4  Araaaal  and  baa  bM 
i^Udad  la  tea  Arap  *«•»•*  ^ 

Acacap’a  taoladaal  apaolfiaatloaia  •  2*“ 
aalatanaoea  apotdi  vndar  *^,***^*i_!^*!m 
piwoaa  Taat  E^p*nt.*  tela  tell 

protela  fault  dlagBOila  to  tba  aaallaft 
^laoaabla  o<aapao*t  tea^  It  ^  aa  aaaately, 

ava.-a*a«4>lT,  or  plt^  aiM 

adoaoUa,  opa^la  bp  lor  *m  ^  ,T!  ^ 

«,d  inccrporal*  to  tba  aaxlM 
aootrel  a^  owcputar  lojla  far  atlaBll 
aeeaaotor  awlteWas  aad  load  atetoMap.  IfcaaM- 
■tnta  baua  baa*  r^^duoad  t* 
or  analcs  daU  uUUalBd  tba 

aoMod  atruottra  ate  arlltaatlcal  aapaWUtt^ 
to  aatln  Tolt*«a,  ourrant,  raalataaoa,  or 


Taltaa  to  tba  data,  tea  aonputar  tell  ala# 
pTorlda  th#  eoTitPol  aaltoblc^,  arrur  dabratSa*  af 
proper  or  lapropar  aaqoaaolec,  aaaaapaaaot  te 
atlaull,  aad  oorraotloa  of  taat  Taloaa  for  teaar 
aarlatlona  la  ajpplp  ratdlma.  tba  o*^>atar, 
throu^  dlagnotUa  routloaa,  alll  ba  oaraM*  af 
atbolrtoc  o*Jt  tha  oocYlata  *teltl-9arpoaa  trte 
Zqulpanit.  Vilfltooanoa  of  tha  oo^uter  proper  by 
poraonnal  rite  lor  taohJiloal  tfclll  laaola  rlU  ba 
tooocpUahod  bp  tha  uae  of  t  aap*r*ta  darlaa 
roforrad  to  at  autoratla  lofla  taater,  tea 
a'ftaTttls  lojla  toitrr  la  tha  oalp  plaaa  af 
aqulpnent  la  tea  rJpportl«i  ahte*.  <ka  l»cda 
tatUr  rill  ba  ablo  to  ehaai  Itaalf,  ta  aSaa* 
another  loglo  toatar,  or  iha  aoryteofa  dUda  ill 
rapraaanta  aa  artltt'a  eonoapt  ef  tha  Ibiltt- 
p'irpoaa  teat  fqulpaiartt,  tea  aahlala  ahiiwi  la  aA 
iao9  ton  aho?  raa,  tea  praaant  a.etaa  tell  ba 
paokafad  la  a  "Ball-^ut«* 
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mtgfkttt  la  a  laak  pracna  k*  praaUk 
kha  kaA^  aakartal  kkak  alU  ka  aaa«  aa  kha 
Wala  ttr  lak— lalak  kka  fatteaaa  tt  m  ••tim, 
Ika  aaaliat  ajak^  aa4  Ika  kanaalaalaa  lyak^. 
Ihla  4aka  aiU  tw  to  raiaiil  j-rtra^  * 
laka  kka  luayakaa  to  lavaiaa  kto  aMoa  far  atodk 
lac  aak  kto  taldala  makaa.  aaf^lakA^  «f 
kto  flrak  itoaa  af  kaaklac  ak  UkkarkMjr*  Ik* 
propaa  alU  to  aakaaia4  ka  aaiaa  kto  aa^rlaka 
aaklala.  laaladlat  Ikaaai  aato  i 
kwtak  aaatrala  aak  flra  aaakaal* 


Takva  aahlato  atoatoak  kaak  aqatpakal  alU 
aM  kha  aoatrallar  aak  aaitahlac  pa^oa  af  kto 
alaalla  ahaakoak  kaak  a^ulpaiak.  Ihla  la  la 
toapkm  alkh  kha  OrkBaaaa  p«Uep  ct  praalklac  kto 
toak  aalakaaaaaa  paaalkla  idkaaak  aaarly 
aa^Uaaklak  tha  aalak^anaa  a^al^aak  tott  traa 
a  aivplp  aak  paraaaaal  kralala«  akaakpalnk» 


IMa  aqalpaort  alll  ba  aapakla  if  aapporW 
la(  klia  pjraaaut  alaalla  a/akaaa  aa  aall  aa  ktoaa 

arrttln<  la  tba  flail  alktila  klia  ntxk  flTa  ^ark. 
■bra  tdaaaoal  ajataaa  abaoll  raqalra  onlp  kto 
ala^lBs  af  kfaa  atltaill  idttoot  anp  atoafaa  ta 
kto  bails  eaatrellara 

la  aa  araa  ask  ralatal  ko  alaalla  ayakiaa^ 
bok  af  aqoal  laporkaaaa  ta  tbs  CMaaaaa  Oarua, 
la  tbs  aalakanuMa  of  aoibak  aabtalaa,  aaaaly* 
tanka.  A  aoonsl  pr^praa  la  aaoar  sap  at 
Traakforl  Aratnal  to  Aaralap  aa  aakOMitla  task* 
las  C7at<n  aapabla  cf  faolk  llacaoalai  taatok 
aaMalaa.  Tba  avraat  pragnaa  roqolras  kto 
aretrallar  aqalpHrak  ar  taat  aqaljatak  ka 
prarrila  acalj-.lt  af  a  taak  aaili»(  trpna 
alrklea  aak  ooallrs  t^taa.  Tbla  prcsna  la 
toia£  apoasaral  bp  Flail  Carrlaa  Mata  lea  af 
kha  Cfflsa,  CUtf  of  ONausa*  Ito  aont^allar 
la  aanrrutlp  toln^  fabrlaatal  ak  Fraakfort 
Iraahl  aot  ablab  alU  to  coppllal  to  kto 
lattarleaaBy  Orlnmno  topok  far  m*  la  kka  kwk 
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ABSTRACT 


■taad  the  Ualtatloa  of  the  nev  device. 


Both  characterlzatlOQ  of  the  tunnel  diode 
and  Its  application  as  a  ainsle-atage  aapUfler 
are  discussed.  PrcA>leas  and  llsdtattcns,  espec¬ 
ially  la  alUtary  e<iulioent  usage,  are  Included 
as  well  as  pezforaance  Information.  Methods  of 
seasuring  the  various  pertaetcra  of  the  diode 
equivalent  circuit  ere  outlined.  These  Methods 
are  primarily  adaptations  of  standard  hrldgs  and 
static  techniques,  plus  aeasurcBents  froa  opera¬ 
tion  as  oscillators  and  aspllflers.  The  fre¬ 
quency  dependence  of  tersilnal  negative  cofsduct- 
ance  is  computed  and  cem^ared  with  measureaent. 
Koat  Beasurenent  probleas  are  occasioned  by  the 
low  diode  ifipedsneea  Involved.  Forsulae  predict¬ 
ing  operation  as  saaU-slgnal  video  and  band-pass 
(tuned)  anpllflers  are  developed.  These  show 
potentially  satisfactory  operation  to  at  least 
100  Kc  with  the  devices  avallshle  for  exper- 
Isentatlon.  Boise  figures  are  at  present  on  a 
par  with  transistor  amplifiers.  Burnout  charac¬ 
teristics  are  good;  some  diodes  were  subjected  to 
currents  as  high  u  one  astpere  without  altering 
their  characteristics. 

Many  problems  exist,  bovcver,  In  a  practical 
application:  1)  The  temperature  depeodeace  of 
negative  conductance  amy  cause  unstable  operation. 
CeroLUilUM  diodes  have  considerable  temperature 
effect;  silicon  diodes  have  less.  2)  Small 
changes  in  source  or  load  Impedance  also  cause 
Instability.  3)  Impedance  levela  are  usually 
T-ry  low  (10  to  50  ohms)  and  create  termination 
and  Impedance  transforming  problems,  especially 
If  the  amplifier  Is  the  first  stage  of  a  recelver- 
For  the  same  reason,  construction  techniques  are 
more  difficult.  The  extremes  of  operating  condi¬ 
tions  required  of  military  equipment  demand  care¬ 
ful  consideration  In  the  use  of  tunnel  diode 
amplifiers. 


1.  IBTROCOcnCM 

The  tunnel,  or  Esahl,  diode  Is  the  most 
recent  and  p>crhap8  moot  piubllclred  of  all  tuo- 
teralnal  negative  resistance  devices.  Several 
features  about  it  have  shown  consldcnble  prtrrilse 
both  In  cociatrclal  and  military  applications. 

They  offer  low  pwwer  consu::q)tlon,  very-high- 
frequency  operation  aM  sonll  physical  size. 

But  vhlle  a  great  amount  of  effort  has  been 
expended  In  developing  on  understanding  of  the 
physical  Dcchanlgns  and  applying  the  devices  to 
practical  circuits,  the  tunnel  diode  Is  still  In 
the  early  stages  of  application.  It  also  present* 
Bar.y  new  and  limiting  prob’ens  to  the  circuit 
dctit7>er.  This  papwr  Is  intended  primarily  to 
those  who  are  considering  using  tunnel 
dl-yies,  particularly  In  transmission  applications, 
with  scese  of  the  properties  and  pitfalls  Which 
they  will  encour.  cr.  In  military  equipment, 
wtyrre  '.tsblllty  >  rsd  consistently  hljh  P>crformnnc* 
ir'  -rq-ilr-d  imdcr  widely  varying  envlrooasntal 
c^oiiti.xis.  It  is  especially  Important  to  under- 


2.  CHAHAmgRISTtCa  ABD  MASUgMEWTS 

The  tuttusl  diode  1*  distinguished  fron  a 
convcntloctal  dlodo  by  having  *  negative  resist¬ 
ance  reglOQ  of  It*  V-I  characteristic  (Flffire  l). 


In  the  negative  region,  the  equivalent  circuit  of 
Figure  2  describes  the  device.  The  negative 
resistance  is  paralleled  by  the  Junction  capac¬ 
itance;  the  bulk  scalcocductcv-  aaterlal  contrib¬ 
utes  tbe  resistance,  and  the  connecting  leadh, 
the  Ixiductance. 


-r 


C 


DIODE  EQUIVALENT  CIRCUIT 
FIG.  2 

By  examining  tbe  equation  for  the  series  Imped¬ 
ance  Zah  ,  we  can  establish  neasurenent  conditions 
which  will  produce  greatest  accuracy. 
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Vor  rMl  rMctlw  Xtcnm,  aaa  rTwrtltlna  im 
ti*t  C*  ^  TeiT  — 11  Tram  tb*  connx- 

•loB  of  Um  MTla  to  Itfl  puvUal  «Lta«aU, 

Pp-  (R^rtV(toL-i\,C)* 

Xft-  (R-*-r/ ♦  tfc>L-r*c»C^* 

^  «L-r»wC 


ft  tecood  condltlao  for  RolfttoAco  oeftsuraftiit  io 
tbftt  4>(L-x^)  "hoiild  ba  — n  conparcA  to  ■  -f  r  . 
In  otiiftr  ward*,  tha  ■atiurwnt  frequBner  mwt  *• 
ft*  low  an  poftftlbla* 

Tot  copocltaecft,  Inaccurarlat  arlfta  both  frao 
I  fti^  B  .  Dm  BeftLCurcd  capealtaacft  flmt  aBOfttloa 
(2)  U: 


or  olAlBltnd  durlnc  ■nnnnrftOftEKt*  It  In 
CBaerallr  nasler  to  do  tb*  IntUr  nod  mCflelnatly 
necuTftto^  Tbo  circuit  oC  Flffn  )  non  ontA  to 
dln;l«7  tbn  V-Z  ehnnetnrlntJon. 


•  • 


♦  .  • 


•  • 


c„=  t--rc 

CR*»jMtoL-rV»0*  t3 

mis  nay  bo  soparatod  into  factors  aodlfyljic  tte 
actual  JunctlOD  cspacltsaeiu 


C,rC 


nuMUM  cftMwn 

— qpr^ 


The  flrftt  factor,  tbe  r»tto  of  actuftl  to  ■enaurBA 
M6»tlve  re»l«uac#.  In  the  onlj  fre<jJeocx- 
dcpendent  tera>  Thn  ftecoBA  ftod  third  toran 
Include  the  effect!  of  otode  reititence  eod  leaA 
Inductance,  large  Vftlues  of  fthlch  reduce  the 
■Cftcured  capacitance*  Phoe  thle  It  can  he  eeea 
that  caoat  a"ruratc  eeftftoreoentft  reiPilt  ehen  r  In 
Infinite;  that  le,  vben  the  diode  la  blaaed  at  the 


pesk  or  ylley  pout* 

TUNNEL  WCOE 

■  Ooo  soixT'ce  of  serlaaa  error  Vbea  tryl-OS  to 

1  v^jp*  aeaeureiwnts  at  hl0i  frequencies  Is  ths 

series  Inductance.  Very  sieill  Inductances  have 
considerable  effect  upon  both  resistance  and 

half-sjne  : 

WAVE  JL 
SOURCE^ 

60Com, 

"CH - j 

•V  L 

CRO 

3^  C 

reactance.  Figure  3  shows  the  effect  upon  resleV 

, _ _ _ L 

■nee  for  fire  different  emlues  of  terlc*  Indue- 
tance.  Note  that  even  with  5  atiB,  th*  curve  to 
Bucli  iUfferent  froa  the  L  *  O  caee*  For  thin 
diode,  with  L  a  10  apH  and  larger,  eelf-reacoaBe 
occur**  For  a'l  I*,  the  cutoff  frequency, 
remlna  the  eaae  (thl!  la  the  frc^ienc/  at  vdileb 
the  parallel  negative  ooaductanca  becoue!  zero). 
Figure  It  abovs  the  change  la  capacitance  for  the 
•aae  L  values.  The  effect  of  series  Inductance  oe 
both  is  euch  that  coaalderehle  expertoental  In- 
gemiltz  Dust  be  applied  to  reduce  circuit  and 
diode  pachage  Inductance  to  the  point  tdsere  lie 
effect  1*  nOnlnul*  Bie  pasrtlcular  diode  deacrlheA 
by  Figures  3  and  U  la  a  hl0>-capaeltaoc«  unit, 
caualng  the  effects  to  apiear  at  lower  fre^uenelea; 
the  effect  Is  the  nooe  tar  other  units. 

To  oeasure  the  diode  cdalc  resistance,  the 
voltage  drop  across  the  Jieictton  uuat  ei.Xltor  ba 


R,»Rj+R,,!t,+R,<|r{ 

WMIC  RESlSTAMCt  TEST  CiRCUTT 
06*9 


Froa  the  jhotoegiuiibed  traoe,  the  alapa  la  the 
forward  region  at  about  JO  to  100  tien  tbe  peak 
ctirrcnt  van  scaled  to  five  the  rcnistaace.  Tbe 
forward  region  vaa  chseea  becaasa  ■eiiroeiritn 
could  be  Bade  at  lovor  currenta  and  Iceer  povtr 
dlselputloB.  In  Un  forward  dlrcctlcai  the  power 
required  to  enke  the  Junction  voltage  drop  neg- 
llglula  van  about  half  that  required  for  the 
reverse  direction  (Figure  6).  The  fact  that  for 
.ill  diodes  tested,  tbe  asee  Uniting  alnpa  van 
acblered  In  both  forwai-d  and  reverse  dlrectloon 
ahovs  tha  t  eccondary  elfects,  each  as  carrier 


.  1 

j  , 


«  brldCi  !•  aot  «v»llibli. 


cancentnUM  cootetlvltr  BaftOaUea,  ur*  Dot 
Isportaat.  In  —kli^  tteM  khutthU,  It  Biot 
b*  rnaoibercd  tlant  nxcwMln  Janetloa  bcdtlnc  can 
altar  or  dsatnv  <ka  nrcatSLav  realataian  char- 
aeterlatle* 

Kaffitlva  raadntanca  aa;  ba  naasurcd  br  acal* 
«tig  free  tha  alope  at  tba  T~I  cui  la  or  by 
pUfler  gala  or  bi-Usa  natboda.  Capacitance  my 
ba  mazMred  iflth  a  brldft  or  tKM  a  circuit  oa- 
cUlatloa  fra^BBcgr. 


aiaa  fvmam  **  atwsr  t>»A»»citarnie 

roa  asaiinTa!  a 

Xha  aapUfier  elroat  of  Flgura  7  nay  ba  uaad 
to  Kaaure  botb  raalatanca  and  capacttonca. 


AMPUFIER  Ttsr  ORCUIT 
FIG.7 


I,  la  choaen  to  raaonata  wltb  tba  diode  capac- 
Itaoce  at  a  low  frequency  (l  He  or  leoa).  Rt  la 
iQcrcaaed  until  the  circuit  la  about  to  oeclUate; 
at  thla  point  llj,  and  -r  are  at  equal  »ia«iilUj<la. 

Xf  la  Increased  furtber  to  tna  point  of  raiall- 
algoal  csclUatloas,  C  bo  calculated  froa  tba 
frequency  of  oaclUatloQ*  All  otray  reactancaBf 
especially  In  realatora  and  capacitors  tsut  ba 
accounted  for.  Acturacy  la  send;  Taluea  for  botb 
r  and  C  were  vltbln  flue  parcent  of  yaluea  fren 
bridge  uasurenentn.  TMa  BCtbod  can  be  •loel  orly 
in  the  negatlae  rcalataoca  rc5losi(  boveverj  and  la 
rot  easily  used  at  tbe  bias  point  where  -r  Is 
n<nii-itni.  It  dooa  offcT  SO  alternative  nsubud  If 


An  RF  brldgs  ropresenta  the  noat  aatlafao* 
tory  neana  flor  paranstar  ■easureneat.  Dm 
BooatOD  Radio  Corporatloa  "101“  oater  wna  fa<ad  tD 
ba  vary  aatlafaetory  In  botb  paranstar  and  tra- 
queue/  range.  Xt  la  alao  naesaeary  tbat  tba 
brldgs  operate  at  sery  low  alffial  lavela  (5  * 
ne  or  leeaX*  Bb  teat  clrculta  are  dlagrs— d  In 
n^jra  ft. 


8RIPGE  test  circuits 
EIG  8 


Circuit  (a)  J»  for  diodes  vltb  corccltonce  beycoA 
tbe  Donasl  rantx-  of  tbe  orldge,  while  circuit  (b) 
la  fur  low  capacitance  dlodea.  Tba  bridge  will 
tbeo  read  tbe  difference  quantttlea,  R.r  and 
tl.  ~  Xf  (or  C  directly).  In  a  satbod  such  aa  tMbp 
accuiacy  la  dependent  alnoat  entirely  upon  tbo 
particular  pbyatcal  test  circuit.  Lead  Inductaaeo 
baa  tbe  greaVsat  effect  and  lAist  be  kept  to  an 
absolute  alnlBaa. 

Device  lead  Inductance  la  tbs  nuit  difficult 
quantity  to  neasure,  but  baa  a  very  Inportant 
effect  upoa  circuit  perforcance  an  ahovn.  Ibo 
problen  la  aascntlally  physical  and  should  bo 
ninlnlxed  la  tba  diode  package.  Considering  tba 
potentially  low  Junction  capacltancea,  a  pirVa^ 
wltb  wire  leada  Is  not  to  be  recoaiacndad.  A 
better  ajpTOeeb  la  to  Integrate  tba  diode  aa 
closely  aa  poaslbla  wltb  ita  external  circuit. 

Of  considerable  Interest  slao  la  the  vaiiatlnn 
of  tbe  Juzk.'tifm  pamnetera  vltb  operating  point, 
■egatlve  realataacc  la  strongly  dependent  ao 
abovn  In  Figure  9,  curve  A.  At  tba  peak  and 
valley  polnta  tba  reslstanco  beconea  laflnltef  and 
a  Dlnlaun  occurs  generally  In  tbe  range  of  $0-1X10 
■V  for  gemanlua  dlodea.  Tha  capacitance  vaiin- 
tion  is  less  stralgblforvnrd.  Satlrely  different 
results  were  obtained  fron  dlodea  of  different 
wxufsctuie.  In  all  casea  a  capacitance  Tsriatlaa 
was  observed.  Otw  exanpls  la  cbovn  in  curve  B  In 
figure  9,  over  tbe  negative  resistance  region. 

Eers  there  la  a  20  percent  variation  over  tba 
region^  vltb  a  atnlnra  occurring  at  a  voltage 
different  tram  tba  realatancs  nlnlBiiiii  Sucb 
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rMolU  can  Mlthtr  «iq>U1ix>a  ty  pr«a«at  pi^ 
Xlaltstt  theory  or  eBeaureBant  loeccuractee,  bat 
tiMy  tha«  that  eofftlMDce  of  each  •  «artatlaa  by 
tha  ctrctttt  4Mi<Mr  la  caoeaearj. 

Terlatloaa  la  neeatlTa  reoletaaoa  vtth  Xnm- 
pezatnn  vUl  be  dlacusaed  later. 


at  the  fr»9"»cf 


(6) 


me  freyaeBcy  «Ul.  «hbUj  be  kl^er  ttan  the 
aaxr>rta(iB«t  fribi— O  fr*  *•*  polataA  oat 
la  the  Olacueeloa  «y  Vlviiaa  3  ood  b  that  la 
latepeateat  of  tha  aaaiee  lakietaaee. 


Tha  afipUtoda  eaUT  Oafoeoey  le  aaeoclatod 
with  the  Xotf-paae  oa  wldea  ecyllf lar.  Thle  la  a 
low-fra^uaaey,  tanaiellj  eoaduetanca  tandaatad 
eppUcatloa.  la  tlda  aaoa  the  equlvmlaat  elroilt 
aay  ha  reduced  to  a  atryla  yarallal  of  -s  end  0. 
Por  tha  pure  ogodaetMea  teralaatlOB,  the  eonplaa 
eoXteca  ^la  la 


(7) 


toltaye  yela  vlU.  'caMT*  at  the  frctueocy  vban 


3.  A}9ijnxa  ccgamBUiTiaB 

C  .ua.derahle  latareet  hee  developed  la  the 
applleatloo  cf  dlcdaa  to  hteh  frequen'^y  eapUfleira. 
But  elace  it  le  e  tm-teraloal  device,  the  circuit 
derelriMnt  le  cooelderebljr  different  froa  cooveo- 
tlooel  four-terdhal  tapUflere.  Input  end  ou^ut 
teraluela  are  Identical;  unUeteral  eapUflcatloa 
le  not  poealble,  per  ee.  This  aakee  aigiiiriar 
eharacterletlce  auch  anre  dependent  upon  the  mS- 
altuda  of  aouece  and  locd  admittance.  For  a  slven 
eource  end  loed  conductance,  gain  la  achieved  by 
an  effective  tncreaee  In  voltage  aeroes  the  Ined 
with  the  dairlce,  over  vbat  the  eource  eloae  would 
deliver.  Hatching  con<Uictancee  to  eource  or  loal 
docs  not  necctsaniy  prove  edvantegeoue,  etpec* 
lally  If  lovett  nolee  figure  It  dcelred.  So  gta- 
orally  the  *>(t  •Ignlflcant  gains  are  Ineertlna 
gain*,  and  If  not  othervloe  noted  In  tha  foUowlnc 
dlecuialooe.  Insertion  ealn*  are  intended.  Only 
lir^?ed  paraaier  asvllflere  will  be  discussed  here- 
9ov«v*r,  aeny  of  the  aoea  Irtres  apply  to  dletrlh- 
uted  pereoeter  ei^liriert  as  welt. 

Xw  l^ortent  gain  formulae  for  varloua 
ln|Mt  and  output  conditions  ore  ewuiarlxed  la 
Table  A,  BeccuM  of  low  Ispedaocee  end  tha  oaa- 
metpient  lasortsnce  of  parasitic  elesKats,  It  la 
necesiary  to  u*e  the  actual  diode  and  circuit 
panasters  at  the  operating  fre<pseDcy  to  ac* 
curately  predict  gain. 


fc 
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(8) 


Tbit  Is  a  slx^le  B-C  ■scrallel  circuit  asd  oia 
attenuation  ebovw  udU  be  at  tha  rate  of  3  db 
per  octave.  C>a  gada  cejeousioa  IstpUas  a  circuit 
with  load  and  aomee  ceatectancea  In  perallnl,  but 
depending  upon  diode  euadeetance,  It  aay  be  pi«f> 
crahle  to  operate  the  dtcide,  eource  and  loed  la  a 
eerie*  circuit. 


Oaln  end  beadwldxh  of  the  Icrv.poet  awUf  ler 
are  both  ejtpietsed  la  tacaa  ef  total  conductoBce, 
ao  that  cutoff  fi  igiaery  mr  be  given  at 


s 

ZuCKww 

Q«la*b«fkftvl4Uk  ^ 


€B=  Ka*r- rr  §bl,Ga.  .  (10) 

EtiC 


Sloe*  U>*  Halt  tk»  wm  0.  it  tbm  4«Tte« 
coodoctAOce  L*l  ,  tkr  mntmm  t%l2-b«advidt^ 
product  iffnUA  to  fttsB  fej 


Terr  clrcuita  tbere  ar«  baalc  froqutocT 
llAlWtlOfiCa^  ITa  diode  Mir>r«90t;^t  frequeacT* 
ffp  vu  diecueeed  earlier.  cke^tive  reela- 

taoce  cutoff  fiuqueoc/p  f.p  resulte  Tr<m  tto 
•eric*  otelc  resistance  of  tb«  diode.  At  thle 
frequtne/  the  terrlAel  oe0Btlre  conductance  le 
aero.  It  ear  be  found  froa  the  co»Q>l«te  expi'se- 
elon  for  terdnal  reslitaace: 


1»^jL 


r»tWW..fo\.  tl  *  nVyj  -  rt»CT^, 

RerailfcsVV  J(5) 


This  vUl  be  aero  tdkcn 


GBi.- »  iaL 

27,C 

This  lepTceeuta  a  oaelbl  flyira  of  asrit;  tha 
diode  with  the  loaere  repacltancs  end  blgbaet 
negative  CQodisctesca  Wold  have  the  highest  gala* 
bandwidth  product.  Biedee  tlth  very  large  -g  will, 
however,  create  addlUaal  circuit  probleaa,  espe¬ 
cially  fros  aerlae  tatectaaca. 
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TABU  A  OAU  rOBiajM 


Current  luaartioo  falA 

Kin 

7V^ 

Toltags  insartlcs  gain 

Kl, 

<^.eC^ 

■og«i^ 

*  roJeO^dt-g)* 

Power  loaartlon  gsln 

Kip 

« 

Whan  Og  e 

Traonducar  power  gala 

V 

‘«k«L 

■  «%MlL.C-g7 

itetebed  output  power  gala 

Kpo. 

%. 

•  Or^ 

(0j_-  0j.AJ-g) 

Matched  Input  power  gala 

CL^J-g)  • 

input  and  output 

K» 

a  1* 

(Og  •  Oj.) 

^1»  It  ft  de£coer*t«  Cftft«  vhers  O-C  •  <^. 

"  Bourca  coAductaocft 
•  load  eoaductaac* 

G  •  lOBft  cociductaaca 

-U  «  iloda  I.«£atlv*  eottduetftaea. 


pftXftUftt  ooa  oT  riBun  10.  For  cU-cult  O'*  ot 
Craatar  thaa  about  10,  Uaa  baodvldUi  1*  flvea  «ttk 
aufflclaat  accuracy  by 


Af  a  _ «**aC 

Qr  G9»Ga-3 


(U) 


6l 


TUNED  At/.PUFIER  EQUIVALENT 
CIRCUIT 
Fl(x  K> 


Bovevery  vlth  hlfti  cooductaxice  diode*,  th«  circuit 
ai^t  b*  vejry  lov.  'nils  rei^uirea  lh«  exact 
expreasloa 


AT  a 

H 


(«> 


Data  ukca  for  pure  couductasce  Icaitat 
a  relatively  coaatut  galD-baodvldth  yrodact 
(Table  B)  for  a  lcw.freo'*®“7  dlxrfa. 


table  B  IITEO  ANPLiyiEii  Dan 
(Uolt  #3) 


Cain  (ratio) 

<a 

k.o 

1.7  Me 

6.8 

6.6 

1.0 

6.6 

9.0 

-73 

6.6 

16 

.bb 

7.0 

21 

•  32 

6-7 

Otlier  lover  capacltocca  ualta  bad  eaJa-bauAvldUi 
products  of  22  to  56  He  1J»  thla  type  of  elrcxdt. 
Xta  use  la  severely  Halted  by  tbs  itiall  out^t 
roltasea  possible  aod  tha  aecesalty  for  aoB- 
reactive  loading. 

Iba  tuned,  bsnd-pass  aapUflrr  la  of  coosld- 
embly  ODjre  Interest.  Cain  fomlaa  are  Aren  1* 
Table  A.  A  sliort  develorocQt  of  bandvldUr  aod 
noise  figure^  expressions  will  eov^leta  tba  gen¬ 
eral  discussion. 

A  sult^lc  equivalent  clrcalt  In  tbs  sli^la 


Tbe  nnise  figure  of  the  one -port  luqtllfler 
vlU  be  defined  as  tbe  ratio  of  noise  pover  deliv¬ 
ered  to  an  Ideal  load  conductanca,  Gj^,  by  tba 
noisy  anplifler,  to  tba  power  froa  the  source  con¬ 
ductance,  delivered  by  a  noiseless  saqillflar. 
Ibe  various  noise  aourcet  are  Indicated  In  Flgurs 
11. 


ASSUMED  NOISE  SOURCES 
FIG.  11 


The  noi*«  power  delivered  to  tha  load  bjr  eacdi 
aource  L* 

Pjo  sHWTt  s  WlsK.iw 

Rl,  n  2«1b - G,, -  (13) 

Pto  =  (ifij 

(Gj»6^-9)  b. 
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(it  i«  taUraatloc  U>  not*  that  tlw  nolM  ptnMx 
tron  the  Ibjntt  le  the  product  of  th*  Batched 
Input  oolM  power  end  netched  Input  power  »ln, 
nlthoudh  DO  Betchliv  coodltloo  1*  liqilled.}  It  1* 
•Muaed  that  th*  oolp  net**  contribution  by  th* 
diode  1*  due  to  abot  nola*.  lb*  ooia*  flcura 
vlU  then  be  (Iwis  by  th*  mtlo 

NF  a  (17) 

**»• 


NF  »  I  f  Sv  ♦  ±.  .  (I'i) 

6,  G, 

The  BOla*  figure  la  therefore  not  only  e  function 
of  the  diode,  but  the  eource  and  load  conductance 
a*  well. 

In  neeeurcBcata  et  10  and  30  He,  tha  equa* 
tloc  correlated  well.  Ro  deviatloa  froa  abot 
noise  chATacterlstle*  une  observed  at  these  fre- 
tucacle*.  A  repreaentatlv*  curve  of  Iff  v*  op¬ 
erating  voltage  for  conatant  source  and  load  con- 
ductaoce  la  shown  In  Figure  12.  Clearly  tha 
lowest  KF  occurs  in  the  direction  of  hl^er  op¬ 
erating  voltage,  and  lower  eurrent.  Tbe  dashed 
curve  ahowa  the  effect  of  halving  source  conduc¬ 
tance.  The  dotted  curve  la  for  conatant  source 
coN*u:'.ance  and  con* tent  gain.  If  full  advantage 
of  a  low-nolsc  diode  le  to  be  gained,  then  the 
ratio  of  load  to  source  conductance  sliuuld  be  as 
aaall  aa  possible.  With  the  geimnlua  diodes 
available,  nolsa  figures  as  low  ae  S  do  at  30  He 
were  Beaeured. 


ric  a  NOSE  fioijnE  v*«i*TtON  with  circuit  constsnts 
ANO  VCLTadC. 

At  this  point  It  la  necenaary  to  point  out  soae 
of  the  problems  In  achieving  aatlafactory  perfone- 
anca  as  a  tuned  wqilifler. 

Devletlona  froB  predicted  aopllfler  perfona- 
ance  result  froa: 

1.  Stray  circuit  reactance  ax:d  resistance. 


2.  VarlatlsB  la  tourc*  and  load  t^padaoo*. 

3.  Varlatloo  In  diode  pareaatBr*. 

Q>a  effect  of  •arlet  reeletanc*  end  Inductaao*  OB 
effective  negative  conductanc*  vaa  dlacuaead  pr*- 
vlouslj  and  daaarvas  furthar  acphael*.  Mast 
liiwalfiiii*  circuit  behavior  can  ba  traced  to  this 
caua*.  Tha  Juncttoc  negative  conductance  la  and- 
iflcd  by  any  sarles  B  and  L;  the  fact  that  thl* 
cooductanca  it  uaually  high  Bakes  norsBlly  nsg- 
llglbl*  wtrlng  hqiedances  very  leportant.  Par¬ 
asitic  reslstencs  snd  reactance  In  any  paaalve 
cocQooent  mat  also  be  conaldered.  In  ths 
extrcBn  case,  tha  circuit  will  oactUata  whenever 
tha  real  part  of  the  circuit  lapedance  external  to 
the  diode  Junction  la  edual  to  or  greater  than  tha 
JuDctlcD  negative  reelstaoca.  A  true  uegstlva 
rcslatance  It  not  fre<iueDcy- selective;  the  exter¬ 
nal  circuit  Dry  Beet  tha  oscillation  crlterlan  at 
several  frequencies  snd  otclUata  at  these  fre¬ 
quencies  slmltaneously.  One  circuit  wna  set  up 
which  oscillated  at  three  different  frequencies. 
This  pgroblca  la  especially  severe  when  construc¬ 
ting  a  low-frequency  tuned  u^illfler;  parasitic 
osclUattoni  at  a  higher  frequency  are  coaeon. 

In  Itaved  parancter  aapllfler  circuits  (and  aaaa- 
ureDcnt  circuits),  exU'eae  care  met  be  taken  In 
construction  If  predictable  results  are  to  be 
achieved. 

If  reasnnable  gain  la  to  be  expected  froB  a 
diode  anpllfler,  then  tha  auB  of  the  eource  and 
load  conductances  It  very  nesrly  equal  to  tha 
device  negative  conductance.  Fewer  gain  It  a 
secood-power  fuscllsh  Of  the  difference  In  thesa 
two  quantities.  Clearly,  a  aaall  change  In  any 
one  vUl  product  s  large  change  In  gain-  Par  a* 
aapllfler  with  90-obo  Input  and  outiMt,  and  a 
diode  -g  of  20  Bv,  ths  Lnaertloo  power  •sin  1* 


,  20  JW. 

(22.2 -20j* 


If  cither  lood  or  source  condi  stance  varies,  tha 
result  Is  as  shown  In  Table  C.  Table  D  ahowa  the 
cTfects  of  varlatloo  In  diode  condvsctanc*.  The 
tables  were  calculated  for  only  one  of  three 
clcaeiite,  0^,  and  -g  vurlebla;  of  course  a 
practical  case  olght  have  to  contend  with  varla- 
tloos  In  all  three  during  operation.  They  aarvo 
to  show  the  nagnltuds  of  these  effects. 

Ibe  diode  -g  can  change  due  either  to 
changes  In  bios  point  or  tesqierature.  Iba  effect 
of  change  In  bias  can  be  sbenm  froa  a  plot  of  eoo- 
ductance  and  operating  voltage  (Figure  13). 

Table  S  shove  approx  Inate  nf  operating 

voltage  to  produce  a  glvea  percentage  chaiwia  In 
-g.  At  Ml  BV,  a  1.7  percent  change  In  voltage 
caurcs  a  410  percent  change  In  -g  which  le  oaarly 
sufficient  to  cause  oscillation.  At  65  bv,  n 
6  percent  change  causes  only  s  1  percent  rbaaga  1b 
-g.  Therefore,  depending  upon  bias  point,  elabll- 
Izatloo  of  supply  voltage  nay  be  necessary. 
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TABLB  C  OkH  VMIIATKW  VTEB  SOURCS  CR  UMD 


OLOrflg 

02 

-lOj 

>5* 

a 

a 

■2* 

Si 

111.9 

■ 

17.2 

25.7 

m 

22.' 

119.*. 

20.5 

DOT 

-5.1 

-2.8 

B 

♦a-v 

B 

'.5 

-26 

I 

.lit 

B 

□ 

♦12 

Lil 

♦2-5 

*Q>ctULatlaa 

‘r  vfiLZ  A 


•meted,  tor  1«TC>  taRpantur*  ebaoSMt  c«r- 

•  diode  of  aaeller  tei^reture  coefflcloaA 
■udi  aa  alllcoa  or  gaUlua  arocnlda  abould  bo  need. 
WiU>  these  aaterlala  aol  nwclal  daal^  aatboda. 

It  aajr  b«  poaalbU  to  Greatly  reduce  tosveraturo 
variation  la  Bcsatlve  oooductaneo. 


umt  s-m 


CAEI  VlRIATIOD  rfTK  DICES  lEGATIVE  COMDOCIASCE 


■^1 

►  lOj 

-laf 

r 

»2>! 

1 

flf 

Si 

I»0.9 

11.5 

25.  >• 

16.0 

21.6 

16.6 

20.9 

19.3 

DIPF 

420.9 

•5.5 

45- >• 

-32 

♦1.6 

-l.h 

4.9 

-.7 

tlOS 

-28 

427 

-16 

♦9 

-7 

1 _ 

♦1.5 

-3.5 

as  one  apjiroach  to  the  problea  of  varlatloaia 
ia  loedLnG  cooduct^nces,  the  Ulode  aqplirier  va* 
coupW  VO  a  transistor  isolation  3ta£a.  71rst 
eoocetn  vas  for  as  llitl*  d>*crfJl'»tlon  of  dioda 
aolac  tl&urc  as  possible.  Fbr  a  eaecada  of  thl* 
type  the  total  oulse  flduro  la 


U)r\  z  Nr,  ♦  MF.-I 
Kp, 


(19) 


TABLE  E  DICDB  B3GATIVE  COMWCTAJtCE  CHAHGS 


T^nperature  hod  a  very  Ix^xsrtont  effect  upoA 
the  (SerrMAlua  diode,  1a  p&rtlcular.  The  variation 
of  •c  tCT^ratfpx;  for  three  hla$  points  Is 

shovn  tn  figure  l*i.  Over  tJie  range  of  27  to 
the  variation  aw  90  end  1^0  sr  is  approx  Inn  tely 
constant  at  .10  pr.^cat  and  .3U  percent  per  degree 
C,  rcDpcctlvrly,  oa'  the  value  at  27  C,  for  the 
portlculex  diode  tested.  At  70  uv  the  -5  vas 
roufiJ»ly  constaol.  'ihlc  would  suggest  operating  at 
70  uv,  but  figUiv*  la  degraded  and  ccnoltlv- 

Ity  to  bias  volt-gc  .hanc^  Is  ffluch  gi-catcr.  If 
g/^rnoolua  diodes  a.'e  ui^od  a  coqproiiiloe  isact  be 


IT  the  transistor  is  not  to  oaterlaXly  affect  the 
noise  figure,  then  it  Wo  should  have  a  lov  HF  and 
the  gain  of  the  diode  should  be  Lnxse.  IMa,  bov- 
ever,  is  not  stable*  The  transistor  Lr^t  coo- 
ductsir  i  (diode  load}  Is  also  a  function  of  teo- 
perature  and  bias.  The  co.nductonce  should  be 
sroU  coopered  to  the  generator  conductance  to  liaee 
leinUaM  teaperatore  effect  and  lovest  diode  nolae 
figure.  Hic  ro^uircaent  of  a  low  noise  translator 
is  greater  bocausc  of  the  diaadvantugc  of  the 
big^r  source  resistance  to  the  trsLnslstc«r*s  nolss 
figure*  In  the  expcrUicntaX  aJ^^Xifler  (Figure 
the  transistor  power  gain  was  X2  db  ond  the  ^lode^ 
10  db,  with  a  bandwidth  of  OOQ  kc  at  3^  Me.  Over- 
eiX  noise  figure  was  7  db  due  prlnarlly  to  tbs 
bl^icr  current  dlodo  used.  Additional  nTtymsa- 
tiOQ  <if  diode  gain  variation  my  bo  aclileved  by 
uaiag  a  t<ainer3ture-3erislti\*o  resistance  to  vary 
transistor  cnlttcr  current  and  hence  input  reelsV* 
ance.  VorJatlons  in  source  lopcdance  are  stllX  a 
problen,  but  Uic  Isolation  fron  succeeding  stages 
VOS  such  Uiat  changes  of  load  Inpcdance  of  Per¬ 
cent  had  negligible  effect  on  dlodo  gain  or  noioe 
f  l^pirc. 


Fiais 


Ronaally  i-Q  •  tunoel  4lad«  ftopilflcr  Um 
dlcdt  *uFpll««  all  Um  capacltlYc  r«act«nc«  to 
r«»on«t«  Uie  clrctUt  at  Um  ilatlred  frequency.  Xf 
axtontal  parallel  capacitance  la  ua«4,  toero  it  a 
Xrcat  po'tlblllty  of  paraeltlc  oaoiUation.  Aacf 
pKyelcal  capacitor  haa  Inductance  In  acrlei  vlth 
the  noaiual  capacitance  and  hence  a  aelf-reaooant 
frciiueacj.  If  thla  occure  below  the  cooductanea 
cutoff  frequency  of  Um  d^ode,  then  the  circuit 
will  oeclUabe.  Thla  normlly  preveo'a  very  low 
frequency  tuned  aicpllf Icatlon,  unleaa  /rry  hl^h 
capacitance  dtodca  are  aalected. 

Xha  diode  conductance  re<iulred  In  a  circuit 
la  deteralnel  by  lead  and  eourcc  cond^tancea,  and 
Cain.  If  the  circuit  dcel^ncr  doea  not  have  a 
diode  of  the  proper  conductancet  uae  of  aa  Utped- 
ance-chanslng  trantforaer  ol^t  be  eu((estc4< 

Thle,  boweveri  ie  to  be  dUcoureced.  Tbe 
tranefonecr  will  be  aaeueMd  to  have  an  equivalent 
circuit  as  In  Figure  16. 


R's  14 

TRANSFORMER  EQUIVALENT 
CIRCUIT 

FIG.  16 


Rp,  W  and  R^,  are  the  prloary  end  traneforeed 
ncconOAry  loee  resletances  end  reactances,  Zi^  Is 
ths  trensfomed  load  Ijcpedascc.  Wbeo  coupled  to 
the  diode,  the  sources  of  potential  Instability 
bccooe  evident.  Ibe  circuit  will  either  oscillate 
or  shov  laree  changes  In  fleln  and  center  frequency 
as  th»  loo."  lnqjednnce  la  varied.  In  view  of  this, 
use  of  the  troncforijer  Is  of  dubious  vslue  except 
for  very  carefully  -.ontrolled  loading. 


Tbe  larac'alsnal  actios  ot  the  diode  la 
alsllar  to  any  nrsiMnear  active  darlee.  dar 
alsiel  which  produeea  axeurslooa  arouod  the 
operating  point  In  a  resloa  of  nonlinear  -f  will, 
of  course,  produea  distortion  la  the  savefora 
(Figure  it).  If  the  dloda  la  biased  at  tha  point 
of  greatest  -g,  then  tha  aet  effect  of  a  large 
applied  elgnal  vlU.  1m  a  loss  In  gain,  since  any 
deviation  from  thla  point  la  dagsmaratlve  (sea 
Figure  13).  At  other  blaa  polnta,  tbs  axenrslon 
ceueee  regeneration  In  oee  direction  and  dsganem* 
tion  in  tbs  other,  producing  e  different  spectrun 
of  dletortlos  cos^oneotn.  Khen  operating  near  tha 
peak  or  valley  polnta,  the  DC  caafooaaX  of  tha 
distorted  waveforn  nay  be  eufflclrat  to  cause  tha 
operating  point  to  switch  out  of  the  oegetlve 
region.  Additional  effects  will  arlte  fron  the 
nonlinear  capacitance  variation  with  operating 
point,  and  hence  with  slosal  excursion.  Partic¬ 
ular  applications  nay  not  tolerate  such  frcquencT 
shifts  and  distortion  products.  Very  high  signal 
voltages  and  currents  (la  ofM  ease  as  high  as  ooa 
as^re)  will  not  rtaaaer  the  diode  If  tha  average 
power  dleslpat'on  la  not  eacesslva. 


rig.  17  lorgr  signal  dlstortlun 
Nonlnal  voltage  gain  20  db. 

Output  voltage  top;  220  nr  peak-to-peak 
alddlc;  70  nr  peak-to-peak 
button.'  10  nv  peak-to-paak 

There  are  n  nuther  of  factors  which  ihould  be 
Ccusldcrcd  In  choosing  an  operating  point.  First 
Is  the  value  of  -g  In  relation  to  source,  lo«)  and 
gain.  Second,  lowect  noise  figures  occur  at  lowest 
d'.odc  current.  Third,  for  stability  and  large 
signal  operation,  the  point  of  least  change  of  -g 
with  courcc  voltage  and  tenperature  la  desirable. 
Dc.-sur.e  of  the  unavoidable  Inperf ec  Llone  la 
tranofomers,  Uie  actual  diode  -g  should  be  used. 

If  the  bias  point  Is  choees  lor  greatest  stability, 
Uren  a  diode  of  proper  -g  at  that  point  rust  be 
selected.  (The  diode  bmf  also  be  selected  for 
Junction  capacitance.)  Thla  necessitates  a  low 
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Kn  TillT  r«tlo  dloAt  tar  Vaa  eoptatMoa. 

%  nolM  eurrcst  *t  that 

tald  ha  M  lov  am  poasiblA;  tfaa  «xe«M 
.  at  thm  v&Uejr  is  tte  lamr  liattinf 
Kl^er  rvslAtMio*  dloAn  an  aJlao  atxr* 
hie  herenie  eerlee  B  m*  L  erh  !»••  iihpor- 
thle  le  alao  the  eltneMno  ef  ■—Her  heat- 
■at  itetever  the  AC  desalt,  the  coodiae- 
^amm  of  the  DC  blee  loop  mamt  be  higher  then  the 
BimT  re  coodactenre  mX  the  blee  polntf  or 

— I  lilin  vlll  rctult.  It  trill  peaerelly  eleo  be 
to  ike  the  bloc  eolto^  edjueteble  to 
the  deelred  at 


It  le  felt  thet>  tibile  iHi^ed  peroMeter  hl^ 
frequea^  ei^Uflere  exe  feeelblei  the/  Bo  not 
aeceeeerll/  itpeeeeflt  eo  li^irnfent  over  esletlat 
trmaeUtor  m^lXfiara  1a  the  eeae  fre%iienry  rea^e. 

y  ^mar.xiam3KB 

Ihe  Author  viahee  to  thenk  Met  SoliulXer  for 
izqr  veluehle  dlecueelOAC,  eepeclAll/  on  tear 
pereture  effecu,  ead  Oeorae  hilvexaea  for  hie 
AAeletAOce  le  prepAretloo  of  the  aeteriAl* 

6.  KTOMUB 


'  BC  pOMBT  ActuelXy  eoemed  by  the  diode 
•  on  the  order  of  50  to  100  alcrovette  for 
In  thle  reaped  it  hec  ad  edeeot«B* 
umn  the  crAoeletor  idilch  al^i  coneiae  fn 
373D  slcrcntte  up,  to  do  Uw  c^ae  ^  aa  the 

Bj*A.»u-rj  ailllvolt  pcwcr  eourcea  ere  oot 
..lAf  lly  cTAllAhle.  The  bUelA«  oetvork  required 
S7  Ife  u  lov  lapedADce*  acLXllvoLt  eour^a  to 
rHiK  ^loOe  (ae  froQ  a  battery)  afteo  cooma  tea 

M  Bich  pover  aa  the  diode.  Thla  preiaotA  a 
to  the  pouer  eource  dealsner  to  rcAllee 
TOMtiAllty  of  A  diode  circuit  la  portehle 
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k.  gieUBT 


^Ime  ehould  be  A^healted  1a  Aaklud 

£lade  fmxmmttsr  aeAettfOKAlA.  for  fnievt 
m  ifBcy,  Ae0kttve  realetAAoe  Aod  cepACltaAce 
Aarand  be  arBcrured  At  Ai  lo«  a  fre^ueae|r  ua  poe- 
cjfclc.  the  AC  volt^Mpa  appUed  to  the  diode  idAr 
AoEX  tfiouid  be  Tcry  ammlX  ooiapAred  to  the  op« 
enayiT^K  polat  voltage.  If  Breaureaenta  ere  to  be 
n9*  aX  LUh  frt'iuaneiea*  eerie#  laductAnoe  But 
Bk  fkept  to  ea  absolute  Of  the  ihree^ 

^ker  last  Is  the  aost  difficult  to  achieve. 


^ere  ere  nuxy  problesae  la  reduclof  a 

rally  prsctlcAl  t»nrl  diode  aj^lifler  to 
aas  XCKTstlsc  AZ^llfler.  The  lov  If^ted  icea 

sake  stxayc  In  diode  pAckc^  end  circuit 
-•^gr  •Artioo  l^^portAot  or  crlttCAl.  Theea  atraye 
«c*=’  t-be  «,rea‘  rsv  handirap  to  icedlctiad  diode 
wicr-lfigr  p-Tfrr^snc^-  An  •dditlooal  effect 
T»£3sulilaC  iz-cts  Die  lov  t^iedancaa  le  larda  band* 
.^aallrxt  b&.'idvldlh  occurs  vltb  hl^  ftala* 
kaz  sTT'l^riers  are  poteotlaUy  uoatAble* 


Ins'^lMly  arises  frua  the  fact  that  the 
Is  m.  orjt-port  device,  tdicre  a  variotloa  lo 
ac^  zyae  vlll  affect  the  entire  eet  of 

ac^'liri^r  cborarterlstlcs.  Yariatlous  lo  source 
rasS  liW  Esast  be  analjrxed  'n  tcros  of  the  partle- 
sziar  mp.:>Ucatloo.  Vorlatloaa  in  diode  peranttere 
Aosd  C)  roae  froA  ctuu^'f’S  in  operstlod  point  or 
atare;  «^rAaoli  dljdee  are  Aost  teeperAtura. 
eeaa^lldse. 


Stale#  fissure  Is  depeodaat  upon  source  resist- 
load  rcsistazKre  end  DC  dlote  current.  It 
duB  a:7t  Appeur  to  e;0ijbit  a  frequerey  depeadeaca 
mm  ^  ahstt  ■ed  1  i  traoelAiorw* 
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THK  RATS1ST<»»  AN  ELECTBiCAL  TKANSTORMEB  DSXNC  OPTICAL  COUFUNO 
By:  Ur.  C,  Jr.  .  likd«*tri»l  ComponMis  Bivuimk,  %Myth^om  CocDpttaf 


To«qplai»  Ui«  Sitlv:  Sl«ctro«^pilcAl  TrftnAlorm«r 

TVa  dftric%  coold  b«  aa  ampliflar. 

iU  ao^Hit  ia  DOt  nacaaaarily  a  tola  function 
of  Inpot.  11  could  b«  called  a  modulator,  or  a 
relay,  aa  It  can  be  ured  to  control  a  etfnal  or 
carrier  with  a  control  curreat.  I  prefer  the 
general  term  Tracefonner.  aa  the  device 
traaafomra  electric  current  from  one  form  to 
aACther. 

At  Raytheon  we  have  for  aeveral  yeare 
been  makiT)g  a  mxilti-fUter  apectrum  analyacr 
is  wlxich  the  algnal  apectrum  ia  broken  up  by 
reeonant  filtere  into  eome  400  parte  and  theae 
arc  eequcntially  acaaned  by  a  comxnutator. 

In  very  early  modcla  the  mechanical 
cnotioa  of  the  rceonaitt  elementa  wee  "heard** 
by  a  hj{^h  frequency  microphone  which  waa 
acanoed  over  them  by  e  motor.  Later  an 
electrical  pickoff  waa  built  onto  each  elemeoi 
and  theae  acanned  by  a  rotating  ewitcK. 
Prceently.  a  capacity  conunutator  uelng  a 
rotating  acanning  plate  atid  a  fixed  plate  for 
each  clemeDt  allow#  rapid  ecanning  without 
rubbing  parte. 

None  of  the  above  commutat;9n  techniquee 
hae  proven  ideal.  The  firet  two  had  ehort  life 
ajul  were  soiey.  The  leel«  while  better  thaa 
prior  art.  elill  hae  high  ineertion  loee  and 
require#  mechanical  motion. 

The  anewer  to  the  .'>iableme  of  thia 
application  aeemed  to  require  certain  conditiona 
be  meC  Kiret  -  no  moving  parte,  cecond  •  low 
ineertion  toea.  third  •  light  w«ifhi  and  email 
else.  laetly.  that  the  analyser  otiU  be  ae 
good  aa  the  prectnt  modal. 


Baaically*  what  U  wanted  la  a  raUy  cagiehle  ed 
vary  high  apaeda  and  ubing  lew  power.  A 
mechanical  relay  cannot  aatlafy  theae  apece 
because  It  ia  too  slow  and  ita  ll/e*  In  tenaa  ad 
cyclaa*  le  ahoiL 

The  Rayalator  coaalata  of  a  laat.  high* 
Intenalty  light  driving  a  acnsitlva.  faa«.  phc»ta- 
realatlva  cell.  The  present  iinit  ia  net  good 
enough  for  Rayapan  Spectrum  Analyaera  tert  ie 
good  enough  to  look  Interesting  for  other  pur* 
poaea.  Ueajfwhila  wa  are  developing  faster* 
more  aenaitive  Boodala  which  will  de  the  iob. 

Lei  ua  <-^1  a  "Aayaistor**  Raley  e 
Rayawitch.  A  meat  ob^oua  advantage  ad  a 
Rayawitch  la  the  fact  that  since  the  drive 
clament  ia  a  glow  tube*  with  an  associated  high 
resistance*  it  la  vary  almpla  to  drive  from 
either  vacuum  tube  or  high  voltage  tranaiator 
switching  circuits.  The  use  of  a  beam  switching 
tuba  to  drive  a  **Nlxie*'  min^erlcal  indicator  ia 
well  known.  Cfy  eubaUtuting  Rayawitchse*  • 
ring  counter  commaiator  la  achieved. 

The  information  commutated  la  not 
restricted  with  a  '*Rayawitch"  ae  the  controlled 
element  ie  bilateral.  Within  the  limitation 
placed  by  afaunt  capacity  around  the  *>ofr*  con¬ 
dition.  the  unit  wUl  han^e  either  A.  C-  or  D.  C. 
Amplitude#  from  a  few  millivolte  to  eeveral 
voUa  ara  switched  with  equal  loss  in  Dbe. 

In  the  Rayawitch*  due  to  the  fact  of 
complete  ieolation  of  the  signal  circuit  from  the 
control  circuit,  aerlea  connection  ia  practical. 
Thia  opens  wida  viataa  for  ufa  in  matria  and 
logic  circuits  for  selection  of  channels  by  uaa  of 
several  parallel  control  signals  withmd  re¬ 
quiring*  adding  or  othar  logic  circuits  before 
the  switch. 


The  rerult  of  tryieg  to  solve  theae 
problems  was  the  ''Kayaia^r**. 


An  additional  uae  of  Rayaiatora*  ef  last 
immediate  use  to  our  apectrum  analyser  but  of 
interest  to  others*  ia  applicrtlon  aa  an  nlac- 
trically  controlled  potentiometer.  At  present, 
we  do  not  hava  a  lUiear  potentiometer  but  what 
we  have  should  be  euitable  for  feed  back 
circuit#*  using  cither  bigh«gain  or  Iwman 
lecdbach. 

An  obvioue  uae  ia  in  circuits  where  n 
pure  reeieUnc#  ii  wanted  at  R.  F.  *  for  enampla 
A.  G*  C.  •  A.  F.  C*  or  Q  controls.  Unlike  h 
mechanical  pot.  there  ie  rvot  an  appreciable 
variahla  capacity  aesociated  with  the  variable 
reeietor. 

The  ehunt  cepaclty  of  preemt  onlta  can  be 
neutralised  if  neceaeary.  and  future  unita  should 
have  leea  capacity  or  lower  reaietancce*  there¬ 
fore  reducing  capacitive  leakage. 

AiwlKer  obvio\JC  uee  is  In  phaae>ekiiilng 
network#  for  thyratrun  or  triggered  eillcon 
rcctiilere.  The  Input-output  ieolation  plus  the 


<Kct  (tel  D.  C.  cu  centroi  A.  C.  l*«4a  •• 
•iaafUfidlioa  at  clrcultty. 

Al  pr**«nt.  than  i*  dm  booM  mt 
Kayitrli  in  production.  Thia  ij  wlmt  t«  nil 
•  "■lav*'  lUfSwitch  tor  It  cnimot  b«  tnrnad  mi 
•ad  oS  mare  than  M>  to  100  ttm«(  • 

I— on  how  oil  t«  oU.  THla  unit  arlU, 
howaoar.  arork  with  laaa  awltchinf  powar  thaa 
•thar.  (aatar,  davalopmant  nnxiala. 


mm  TQLUCB 

30  IM  /  afMM 


SIGML  rOLTAGK 
•eroaa  lOk  looi 


High  Ijttpcdancc  Control  Rayaialor 
Spcrd  •  CO  cpa 

Typical  valuta  lor  ihia  Rayawitck  ara 
k  •  )  ma  E  «  100  v,  R  •  10  k  “on.  10  mag 
otl“.  Eilt  la  not  dafiniia  but  ahould  b«  bnUor 
lhaa  10.000  houra. 

Slaint  capacity  to  R.  T.  la  about  4  pC  If 
Oita  aaamtta  6P  4b  atlcnuailon  In  tha  "otT' 
condition,  thla  makea  tha  matumum  Irt^uancy 
into  n  10  k  load  3  kc. 

Wa  ara  now  devaloping  a  'laat“  Rayawitck. 
which  will  have  tha  following  chaructarlatlcai 
•peed  -  on  in  2  mlcroaaconds,  oil  In  IP  W  ZO. 
on  reaialanca  1  k  ,  off  -  battar  thaa  1 
magokan,  capacity,  ab'tut  I  pl.  Thla  unit  la  far 
anougb  along  ao  that  thaaa  thlnga  can  ba  apaci- 
liad.  Tba  control  power  cannot  yat  ba  atatod. 


Aloataadar  davalopmant  ara  llnaar 
Rayaiaaona.  Praaant  unite  ara  aultabla  for  uaa 
in  faodbatcli  airculta  but  tha  ultimata  hopa  la  a 
■aul  ad  l•h■a  aa  good  aa  a  tripda  tuba. 


M 
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Ema  Impadanca  Control  Rayalator 
Spaad  -  5  cpa 


THTR  mu  OWlPOllBra  BASED  OB  TAirtAUni 

Byi  lfer»r«.  H.  W.  Urn  *  «.  flchtmrti,  B#ll  T«l*phon*  UboMtorl#*,  laeorpont** 


The  Hlnlatiirlzatloti  of  coaponanta 
arvi  circuitry  hat  becoaa  a  ujor  davalop* 
Bant  activity  of  a  large  lagnant  of  tba 
alaeti'onlei  Indurtry.  Acong  the  con- 
eapta  which  have  avolvad  It  the  Inta- 
gratad  circuit  approach  of  the  Ball  Tala* 
phona  Lvboratorlai.  Thle  eoneapt  hat  not 
dealt  with  anp  of  tha  aetlva  eoaponanta, 
but  mainly  with  rarlttort  and  capacltora 
bttad  on  thin  flltn  of  tantalua  and 
■  Inllar  cetalv.  Tantalua  natal  fllaa 
have  a  tpaclal  advantage  for  coaponant 
uie  due  to  thrlr  refractory  nature,  their 
ability  to  fora  either  thermal  or  anodic 
orlda  fllmt,  their  Inartnert  to  chemical 
attack  and  their  unurual  electrical  pro- 
pertlat.  It  If  tha  purpoia  of  thlf  paper 
to  dercrlba  tha  proeaater  Involved  In 
making  thafe  eoaponante,  and  tha  proper- 
tier  of  the  cooplatad  capacltora  and 
raf la  torr. 

FILM  PRZPARATIOIt 

Although  capacltorr  and  reflftore 
have  bean  cade  from  evaporated  tantaluc 
flics,  the  eajorlty  of  the  work  dr ne  to 
data  haf  bean  with  flits  prepared  by  tha 
technique  cf  cathodic  sputtering,  in 
brief,  thlf  Involves  creating  a  lew  pras- 
fura  gin’s  discharge  In  an  Inert  gas  with 
tha  cathola  being  rada  cf  tlia  caterlal  to 
be  dapoiltad.  Atomic  flaad  partlelaa  are 
dltlcdgad  from  tha  cathode  by  tK/sbardcant 
of  the  Ionised  gas  atoms,  and  dep.-sltlon 
of  tha  catal  on  the  substrata  Is  accem- 
pllfhed.  Despite  tha  exceptionally  high 
melting  point  of  tantaluc,  an  esfa.'.tlally 
room  taiparatura  'lapcsltlon  of  the  fllci 
can  be  aciccpllshed  by  thli  tachjilqua.  A 
wide  varlBty  cf  substrates.  Including  the 
usual  glatr  and  carasle  bases,  may  be 
used.  Thf  flics  are  extreaely  a  Iherer.t. 
and  this  Is  achieved  -without  an  srheus- 
tlva  pratreatcant  of  the  sutstralts. 

Part  of  this  a-lharanca  Is  lnhar*r.t  tc  t’/e 
mechanltr.  of  deporltlcr.  by  sputtering, 
where  an  Integral  cleanlrg  occurs  due  to 
tha  operation  of  tha  glow  dlacharre  and 
with  the  added  factor  that  depositing 
atooa  Impinge  on  tha  surface  with  high 
anarglai.  The  resistor  fllmr  and  th/ 
capacitor  flics  -were  prepared  under  tlie 
same  conditions,  except  frr  the  tlxe  of 
deposition.  The  Inert  gas  used  war 
argon,  *1  a  pressure  betv/e*n  10  ah’! 

20  aict'onr.  The  cathode  was  a  disc  rf 
K.R.C.  arc-cel  ted  tantalum  four  Inch's 
In  diameter  and  was  placed  two  Inches 
distant  free  the  substrate  which  was 
resting  cn  an  aluclnuc  anode.  Tha  vrlt- 
aga  used  durln/  dtposltlcn  was  hoOOV, 
and  tha  current  ’wax  20  cl'. '  las.peres. 

Under  these  condition*,  letal  war  dw- 
pofl  tec'  at  a  rate  of  a;;.-.- slc-itely 


IDO  Angetroa  unlti  par  adOHU.  lUalmtan 
were  afiutterad  from  5  to  20  mdautea,  de> 
pendlbg  upon  the  rcaletenee  value  de- 
•Ired.  while  tha  capaeltor  fllaa  were 
uaueliy  eputtered  for  about  almiteta 

SilZhSUm 

The  dielectric  of  tha  eepeeltort  la 
aosxdleally  grown  tantalua  ozlda  and  la 
foraad  by  aaklng  tha  aetel  filar  tha 
aooda  In  an  alactroehealcal  call  which  la 
coaplatcd  with  an  alactrolyta  (1  pt. 
oxalic  acid,  2  parta  water,  and  3  parte 
ethylene  glycol,  at  105*C  hat  barn  the 
aaln  alactrolyta  for  our  work)  and  a 
tantalua  or  platinum  cathode.  Voutage  la 
applied  at  a  currant  danalty  of  approxl- 
aataly  1  cllllaapare  per  aquare  cantl- 
aatar  imtll  tha  declrad  voltage  la 
reached,  and  thla  voltage  li  aaln.alnad 
on  tha  units  for  a  period  of  approxl- 
aetely  h  hours.  TIta  thickness  of  the  di¬ 
electric  tantalua  oxide  foraed  In  thla 
way  If  directly  proportional  to  the  volt¬ 
age  reached  In  formation,  tha  capacitance 
than  being  Inversely  proportional.  In 
thla  work,  the  formation  voltage  was  gaa- 
arally  100  volte  although  valuaa  from  IJ 
to  200  volts  have  bean  umed. 

After  the  oxide  flla  haa  bean  foraad^ 
tha  counter  electrode  le  applied.  Thla 
la  acrompllfhad  by  vacuus  evaporating  • 
thin  file  of  geld  or  other  suitable  aetal. 
The  structure  of  tha  cocpieted  capaeltor 
Is  shown  In  flgurt  1. 


Figure  3. 

Cepeoltor  Structure 


CAFACIIPM  PRPPKWIB 

Ceracltora  produced  In  thla  way  ahov 
outttan'’;ng  propertlew  which  Include  very 
low  lea'/.aga  currents,  low  dlvslpatloa 
factor*  and  high  dielectric  break-lowa 
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1 
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•traagtli*  A.ltboa(li  tb*  eap*cltor«  wltb- 
atand  tiia  foil  roraaclon  voltaga  vlthovt 
braakOatm;  ■ajlna  oparatlng  voltagaa 
hwia  iMt  ba«B  eeoplataXy  dataralsad  aa 
jat.  Bair  tba  foraatloa  Toltaca.  bow- 
avart  baa  baaa  teatatlvely  aalaccad  aa  a 
eoBaarratlaa  rating  for  tba  vorklng  volt¬ 
age.  tba  eapaeltanea-worklog  voltage  ra- 
latlcmblp  obtained  vltb  thaaa  unlta  la 
beat  aspreaaad  aa  $  alerofarad-volta  par 
tquaro  cantlaeter.  ('fbat  la,  for  a 
capacitor  rated  at  fO  volta,  0.1  aiero- 
farad  la  aehlevad  nalng  1  aquara  ea  of 
aorface  area.)  The  leakage  of  thaaa 
onlta  la  extreaalj  anall,  eoaparlng  quite 
favorably  with  atandard  «lca  eapacltora. 
Tba  r««a  taaperatura  leakage  currant  for 
a  35«000  picofarad  capacitor  rated  at 
50  volta  and  Beaaurad  at  75  volta  la  of 
tba  order  of  2  a  10'*“  aoparaa.  The  tao- 
peratore  coefriclant  la  *250  ppa  par 
degree  Centigrade,  and  tha  dlaalpatioD 
factor  la  approxlaately  0.01  at  1  ke  and 
below.  Tha  unite  have  shown  good  stabl- 
lltv  on  life  testa  with  50  volta  applied 
at  o5*C,  but  It  should  be  pointed  out  thkl 
only  Halted  life  teat  data  are  available 
aa  yet.  The  properties  described  here 
show  these  units  to  be  quite  different 
fro*,  and  quite  superior  to,  nornal  elec¬ 
trolytic  capieltora.  Actually,  they  are 
electrolytic  only  In  the  sense  that  they 
have  tbelr  dielectric  fllo  foroed  elcc- 
t'roebealcally  and  should  not,  therefore, 
ba  rwferred  to  as  cl*etrolyt'e  eapacltora. 

Although  the  oxide  fllas  usually  shew 
the  excellent  leakage  properties  daserlbad 
abowa,  occasional  unUa  do  exhibit  high 
leakage  current,  and  aoae  prove  to  ba 
short  circuits.  This  behavior  la  attrib¬ 
uted  to  weak  spots  In  the  tantalua  oxlda 
fllai  and  aay  be  corrected  by  urine  a 
special  etching  procedure.  This  la  per- 
foracd  In  the  roliowlng  wanner.  Tha  ano¬ 
dised  tantalua  flla  (without  Its  countar 
alertrode)  la  aade  the  anode  in  an  alec- 
trochealcal  etchant  for  tantalua  which 
does  Mt  attack  a  coherent  flla  of  Ta-0^ 
(aoeb  as  llthlua  chloride  In  aathyl  ^ 
alcohol).  Wherever  current  can  flow,  tan¬ 
talua  will  be  etched  away.  6/  applying 
aoaa  voltage  slightly  below  that  of  foraa- 
tlcn,  tba  tantalua  situated  under  a  weak 
zpot  In  the  tantalua  oxide  will  be  ra- 
coved,  and  thus  the  weak  spot  will  ba 
electrically  Isolated  froa  the  capacitor. 
Tbs  unit  It  then  reanodized  In  order  to 
cover  any  tantalua  exposed  In  etching. 

Many  mlts  with  poor  characteristics  have 
been  recovered  using  this  technlqus. 

Figure  2  Illustrates  the  etching  procedure 
d  la  g  raaaat  1  ca  1  ly . 


rignra  2 

UaallJBlIlafacta  In  Tanialata  OKlda 

Tha  precision  of  tha  eapacltora  la 
noolnally  aBlntalned  by  area  and  tklck- 
naaa  control,  although  furthar  adjnstarat 
aay  be  aadc  if  aecbanlcal  aeaaa.  This  la 
posalble  by  designing  tabs  on  oM  alat- 
troda  which  aay  ba  aechanlcally  cwt, 
thereby  redoclnr  the  effective  area.  Ona 
such  eleetrade  design  la  snesm  In 
rifur#  3ta|.  By  using  tba  typeMtten 
shown,  a  total  adjuataent  of  -20f  ^ 
available,  with  a  praclaloo  of  *0.5!^ 


Figure  3 

Adjnataant  pattoms 
(a)  Capaclton  (b)  Raslators 

WgSlSTOM 

For  the  basic  evaloatlon  of  tha 
properties  of  tantalua  resistors,  flva 
parallel  stripes  are  sputtered  through  a 
aask  onto  a  slide  with  prsflred  gold 
terainatlons.  The  dlaer.ilona  of  each 
stripe  la  0.750  Inch  by  0.050  Inch 
(15  squares)  with  a  0.25  inch  square  tab 
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overlapping  toe  gold  tarolnatloa.  Th« 

100  ingstroB  units  per  alnute  rat*  of 
deposition  allows  fairly  clots  control  of 
the  tblckness  of  tb*  fllat.  Tta*  reals* 
tanoe  can  bs  varied  by  thickness  control 
over  the  approzlaats  range  of  100  to 
10  obai/square  with  teaperature  ooeffl- 
dents  falling  wltbln  the  range  of 
el$0  ppn/*C.  The  teaperature  coeffl- 
clentsg  In  conacn  with  most  aetal  flla 
resistors,  are  quite  l<w  and  differ  con¬ 
siderably  frca  the  bulk  aetal.  Att<r> 
elated  with  the  low  teaperature  coeffl- 
dent  It  a  resistivity  of  10-15  tlses 
that  of  the  bulk  aetal.  These  large  dif¬ 
ferences  fron  bulk  properties  are  not 
primarily  functions  of  the  thin  flla 
geoaetry,  since  the  high  resistivity  la 
essentially  Independent  of  thickness  In 
the  range  froa  500  to  2000  Angstroa  units. 
It  Is  probable  that  both  these  unusual 
properties  are  related  to  ehealcal  and 
structural  features  within  the  fllas. 
Taeuua  fusion  analyses  Indicate  an  ozygan 
content  In  the  fllu  of  approzlaataly 
0.55f  and  ICM  angle  electron  diffraction 
atudles  generally  Indlcata  an  essentially 
aaorphous  film  structure.  This  probably 
originates  froa  the  Island  acchanlsa 
usually  encountered  In  the  growth  of  thin 
fllas. Ho  detailed  correlation  of 
theaa  features  to  the  observed  electrical 
propartlea  of  tha  rilaa  has  been  siade, 
but  this  aspect  of  the  problea  Is  cur¬ 
rently  being  pursoed.  The  Influence  that 
ozygen  has  In  deterelnlng  the  resistivity 
and  temperature  coefficient  la  mora  than 
likely  eoaplex  and  probably  Involves  both 
lapurlty  scattering  and  a  deteralnlng  In¬ 
fluence  on  flla  alrueture. 

As  with  eost  thin  metal  fllat, a 
considerable  Instability  of  reslstanc*  la 
observed  for  freshly  deposited  films, 
both  at  rooa  and  elevated  teaperatures. 
This  Is  Illustrated  In  Teble  1.  Th« 
changes  In  resistance  shown  In  this  table 

TABIZ  1 

Per  Cent  Change  In  Realstanca  of  Pllaa 
at  200  Hours 


Temp 

Hoalnal, 

OR/Ro  z  100 

Thick..  A 

26 

500 

3-2 

1000 

2.8 

2000 

1.1 

52 

500 

3.5 

1000 

1.8 

2000 

1.0 

100 

500 

1000 

U 

2000 

1.7 

can  b*  attributed  to  both  an  annealing  of 
flla  stt'uetura  and  tha  growth  of  an  ootid* 
flla.  It  1*  poaslbla,  howevar,  to  laprova 
tha  stability  of  raalitors  by  praaging  la 
air  at  200*C  for  thrae  boors.  This  pra- 
aglng  probably  raaulta  in  tha  growth  of  a 
denaa  adharant  thin  ozlda  flla.  This 
ozld*  flla  apparently  acts  as  protactloa 
against  further  degradation  froa  the  at- 
aosphore.  The  only  coating  that  amy  b* 
required,  then,  la  on*  to  prevent  grots 
aachmnlcal  daaegs  to  tha  flla.  This 
larked  laprovsBsnt  caused  by  tb*  praaging 
la  shown  In  Tabla  S.  where  the  ehanga  In 
realatane*  la  last  than  0.59(  In  1000  hrs. 
at  100*C  and.  In  general,  approaches 
0.2  to  0.15. 

liBUL2 

Per  Cent  Change  In  Resistance  at  100*C 
After  Praaging  In  Air  at  200*'C  for  3  Hours 


500  -0.05  to  +0.15  -0.1  to  -*0.19 

1000  +0.09  -*0.19 

2000  -0,5  -0.5 


Tha  uaa  of  tantalua,  with  its  capa¬ 
bility  of  being  anodized  to  fora  dlalee- 
trlc  ozlda  films,  offers  the  possibility 
of  providing  a  precision  resistor  for 
alcroelrcultry.  By  anodizing,  approzj.- 
sately  7  Angstroa  units  of  tantalua  can  b# 
converted  to  Insulating  ozlda  for  aaeh 
volt  applied  to  the-  electrochemical  call. 
This  then  gives  vary  fins  control  of  tb* 
effectl-e  thickness  of  the  film.  The  re¬ 
sistance  of  the  metal  flla  can  be  moni¬ 
tored  during  the  anodising  process,  and 
any  pradstaralned  value  of  rsalstaaca  can 
be  achieved.  Although  in  the  early 
stages  of  development,  significant  re¬ 
sults  have  already  been  achieved  using 
this  method.  In  one  ezperlaent,  stripes 
ware  sputtered  to  approzlaataly 
1500  Angstroa  units  with  an  Initial  ra- 
slstanca  of  110  ohas.  By  anodizing  to 
different  voltages,  various  values  of 
resistance  were  achieved  up  to  2000  ohas. 

A  test  of  the  precision  with  which  a  da- 
slrad  reslstanc*  valu*  could  be  reproduced 
was  aada  by  Individually  anodising  8  re¬ 
sistor  stripes.  Ths  anodization  Is  slal- 
lar  to  the  method  described  for  the  capac¬ 
itors  above  except  that  It  vai  perforaM 
at  rooa  teaperature  and  at  constant  cur¬ 
rent.  the  reslstanc*  of  the  strip*  being 
monitored  manually  with  a  Leeds  and 
Horthrup  Type  S  Test  Set.  Tha  anodizatloo 
was  discontinued  when  the  resistance 
reached  the  predetermined  value,  and  tha 
resistors  vers  reaoved  from  tha  call  and 
remeasured  on  an  accurate  Wheatstone 
bridge.  The  data  in  Tabla  3  auaaarlze  the 
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inltUl  resl«t»ne«  values,  the  reslstsaae* 
after  ancdlslng,  and  the  percentaje  d»- 
vlatloa  fro*  the  Bean  value  aad  the  pre- 
dateralaed  value.  The  results  shw  that 


TABU  1 

Test  of  PreclsloQ  of  AdjuatSMOt 
to  1000  Ohms  by  AnodisatloD 


Inlt. 

as&L- 

ohsw 

105,79 

101.75 

98.11 

100,38 

106.73 

100.52 

102.50 

110.12 

Mean 


Fin. 

f  Deviation  frw 

£bAs 

ilSAD 

Predet.  Yalue 

ohms 

1012.9 

•K).65 

♦1.29 

1010.1 

-*0.35 

♦1.01 

1003.9 

iooi*.5 

-0.25 

-0.19 

♦0.39 

♦0.45 

1001.6 

-0.4fi 

♦0.16 

1001.9 

-0.45 

♦0.19 

1011.0 

•»0.56 

♦I.IO 

1004.4 

-0.20 

♦0,44 

1006.4 

mil  the  resistors  were  adjusted  to  •♦l.lJ, 
and  50Jf  were  adjusted  to  of  the 

predetermined  value;  also  almost  all  of 
the  resistors  wore  within  ±0,5>  of  the 
mean  final  value.  With  the  use  of  eore 
accurate  and  In  particular  an  automatic 
Bonltorln*  device.  It  Is  not  unreasonable 
to  assume  that  adjustment  to  aO-l>  Is 
feasible.  Tha  use  of  anodlaatlon  for 
edjustoent  also  provides  an  adherent, 
abrasion  resistant  oxide  fill*  which  Is 
•ore  unifors  than  th®  oxl4a  flXAs 

and  which  apparently  provides  Improved 
protection.  This  feature  Is  demonstrated 
by  the  100*C  stability  of  anodlted  resis¬ 
tors  where  ;rslimlnaiy  data  Indicate  the 
stability  to  bo  at  least  four  times 
(reater,  than  resistors  which  had  not  be« 
mnodUed.  (Both  sets  had  the  same  pre- 
aflng  of  2  hrs.  at  250*C.)  This  method 
provides  an  easily  automated  continuous 
adjustment  process  with  final  values  and 
stabilities  approachlnj  that  of  wire  wo«Bd 
resistors. 


Another  method  for  adjustsient  of 
resistance  is  a  discontinuous  one  which 
allows  a  2  to  1  latitude  ratio  and  a  pre¬ 
cision  of  about  1-2%.  This  siethod  de¬ 
pends  on  Intricate  resistor  patterns 
possible  with  a  special. mashlnt  tecbnls"* 
previously  descrllaed  This  procedure 

consists  c»'  laying  dc/n  a  film  of  copper 
on  the  substrate,  forming  the  desired 
pattern  by  photo- engraving  techniques, 
thus  producing  a  mask  which  Is  Integral 
to  the  surface.  A  film  of  the  desired 
thlclcness  of  tantalum  Is  sputtered  over 
the  entire  surface,  and  the  surface  Is 
then  etched  with  the  usual  chemical  re¬ 
agents  used  for  copper.  The  tantalum  Is 
removed  from  chose  areas  where  It  Is 
underlayed  with  copper  but  adheres  *t 


those  portions  prevloosly  sxpossd  by  tfcm 
photo-engraving  nethod.  One  of  the  pw- 
slhle  resistor  psttams  Im  shcsio  Im 
Plgurs  3.  J'easlblllty  studies  hmve  shWB 
that  these  resistor  lines  hava  good 
definition  to  2  all  widths  and  2  nil 
apaclngs  with  poaalhllltlaa  of  aehlevlag 
0.5  all  lines  with  0.5  *11^  saaclngs.  Tb* 
adjustment  Is  achieved  bj  cutting  tha 
shorting  loops  to  Ineressa  the  path  langtk 
with  a  acrlbe  or  an  abraalve  loadad  gaa 
streas.  These  processes  again  can  bm 
monitored  to  echlove  a  desired  reslstamem. 
It  should  be  noted  that  adjustment  by 
anodisation  Is  also  appllcsble  to  theam 
fine  pettema. 

The  processes  described  In  this 
paper  suggest  the  capability  of  providing 
precision  components.  These  capacitors 
and  resistors  can  be  utlllxed  as  Individ¬ 
ual  components  and  would  provide  for 
alnieturlxatloa  and  stability  urgently 
needed  for  present  advanced  electronics. 

In  a  two  dleenslonal  topography  they  pro¬ 
vide  cll  the  advantages  Inherent  In 
alcroclrcultry.  Of  more  Importance,  h«sf- 
ever,  is  the  fact  that  this  mlcroclr- 
eultry  can  be  achieved  with  elements  mp- 
proschlng  precision  compoftents.  For  the 
capacitors,  this  encompasses  a  low  dis¬ 
sipation  factor,  except  l€jnally  high  Inso¬ 
lation  resistance,  and  a  preclsa  and 
stable  capaeltancaj  while  for  the  ^sis¬ 
ter*.  e  low  temperature  coefficient 
coupled  with  stabilities  generally  as¬ 
sociated  with  wire-wound  resistors. 
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THKHMOEUCTRIC  CCKERATORS  FOR  SHCMT-DUUATtOH  APTUCAnOM 
By  1.  R.  Havklaa.  Mid  Stale  Electroaice.  XaeCArch,  MlasUee  end  UvlilM,  LeefcSeed  AUeratt  Carp. 


1.  IKTBOOUCriOII 

Aa  «  result  a(  eetaral  sisiincaM  breaktkroafka  ta 
aemlcoodactor  matcrlaU  durtag  Iks  past  niUeayasra, 
the  direct  conireralaa  ai  heat  to  electricity  aalag  the 
Seebeck  effect  baa  bcceate  practical  for  poircr  genera¬ 
tion,  rather  than  merely  aa  a  method  for  mcaaurlog 
temperature,  la  raout  appliraUona,  these  devteea  ate 
being  drstgned  to  operate  for  long  periods  of  time 
under  steady -stale  ceadttiona.  However,  there  are 
rrertain  cases  where  thenaoelectrle  geoeralota  caa  be 
used  with  Intense  heat  sources  of  abort  dorstloa  such 
as  waste  heat  from  a  rorhet  engine,  or  intense  frlc- 
liooal  heat  of  metal  against  metal,  or  metal  against 
air.  or  perhaps  ^ca  from  aa  exploalve  gasoline  fire. 
With  this  type  of  beat  aource  a  "ahott-leria'*  generator 
caa  be  used  which  reciaircs  a  small  heat  ainh  designed 
only  lo  bold  the  cold-juactlon  temperature  below  a 
specified  value  wlthla  the  operstlsg  tlma. 

Thvrmucloctric  generators  for  use  with  heal  sources 
of  short  duration  can  be  relatively  simple  la  design 
compared  wllhlhe  more  conventional  steady-stata 
typi-a.  Because  of  the  short  operating  lime  problems 
such  aa  diffuaiDO  of  cootact  materials  at  high  temper¬ 
atures,  and  aubllraation  and  osldatlon  of  thermoelec¬ 
tric  malcrialt  are  not  as  serious  as  lor  long-term, 
sleadv  -state  drvlcra  (Ref.  11.  Thus  the  designer  has 
considerably  more  leeway  in  his  choice  of  mi  rials, 
aa  well  aa  in  overall  design  of  the  unit.  The  power/ 
weight  ratio  ol  a  short-term  generator  can  be  made 
eirtremely  high  by  proper  choice  of  hest-siakmaterial. 
Calculations  indicate  that  by'  use  of  an  aluminum  heat 
sink.  M  «atls/lb  can  be  obtained,  which  Is  higher  than 
can  usually  be  achieved  with  chemical  tkatlcrlea.  This 
power/wcight  ratio  is  also  contideralily  higher  than 
that  which  has  been  achieved  by  sicady-state  thermo¬ 
electric  generators,  which  are  typically  lathe  1-10 
w'atls/Ib  range  dependtng  upon  the  applicaUon.  This 
paper  presents  an  analysis  of  thermoelectric  genera¬ 
tors  for  short -d'jratlon  use.  For  given  ihemiocouplc 
and  heat-sink  materials,  and  apccificd  values  of  oper¬ 
ating  time  and  temperature  differential ,  aa  optimum 
iwwcr  output  -  providlac  minimum  overall  weight  - 
caa  be  calculate. 

t.  ANALYSS 

The  theory  ul  Ihcrmoclecti'lc  power  gcncratiun  and  the 
statc-of-the-srt  in  thermoelectric  materials  baa  been 
thoroughly  discussed  In  the  lllcralurc  and  no  attempt 
will  be  made  to  rcrouat  II  here  'Rets.  I-t).  Onlylhoae 
equations  which  arc  rssenlial  to  me  preaewt  aBalysis 
will  be  repeated. 


A.  STESOr  cstin 


R  SH<MT  OUMTION 


*-t«f  aTO«>a* 


RfHEATRNK 


Pig.  i  Therjicelactria  C  sail  Us  -a 


only  a  abort  period  of  lima,  the  oast  pasMg  through 
the  generator  Is  stored  la  a  heat  alak  whdsh  alcar|y 
rises  la  temperatura  aa  the  hast  is  appllad  Tba 
longer  the  b^  la  applieti  tha  greater  Mat  ba  tba  hatf 
capacity  of  the  sink  if  It  la  to  bold  Ibe  tempanturs  ba- 
low  a  specified  value.  If  the  haid  aourca  la  very  ia- 
tensc,  bm  short  la  duratloa,  the  geeerstar  eaa  be 
designed  to  produce  little  or  no  electrical  endput  whea 
the  aource  tempo rsture  rlees  alowly.  hjr  making  the 
heat  sink  small  enough  to  allow  the  geaermoe  lo  heat 
up  uniformly  so  that  there  will  be  little  or  ao  tetnpara- 
ture  differential  between  the  lanctloaa.  A  typical  caae 
where  this  type  of  dealgn  might  be  asefai  la  eae  la 
which  the  generator  la  designed  to  prorteca  a  specified 
electrical  output  from  the  Intenaa  waste  heat  of  a  rock- 
m  booster  bm  no  output  from,  aagr,  a  srarakeuae  tire. 

With  a  large  maaatve  beat  sink,  the  geaenimr  could  bu 
designed  to  produce  s  reverae  voltage  sad  current  afUr 
the  Intense  heat  source  la  removed  tlmydy  kyr  providlrgi 
for  heat  diesipatloa  (c.  g. .  fine)  on  whol  la  aermally  the 
heat  roHcctor.  In  this  caae,  the  hcR  sleaud  hi  the  sink 
could  be  made  to  (low  back  through  the  thaimocoupleo 
to  produce  a  reverse  electrical  outpak. 

In  the  analysis  ibM  loilcais,  the  followlag  assamptloaa 
are  made: 


•  The  host  aource  baa  reached  a  aleadp  lernpera- 
ture  when  the  electrical  outpid  from  lha  gener¬ 
ator  It  idlllicd. 

•  The  heatup  time  of  the  source  la  aasall  compared 
with  the  time  of  operalhM. 

•  Tbc  heat  sink  Is  designed  vHh  a  haaS  capacity 
large  enough  lo  make  Its  temperature  vartstloo 
small  compared  with  Ibe  teroperstme difference 
between  the  bol  and  cold  laactlous. 

•  The  heat  source  la  large  erougb  thm  the  genera¬ 
tor  preaenia  no  nppreclable  uiemial  load. 


The  eseeiitlal  differences  between  long-term  ateady- 
alale  and  short-term  aonstcady-state  generators  can 
be  seen  in  Fig.  1 .  Both  types  are  assumed  lo  use  high 
cfncieocy  n-type  and  p-type  semiconductor  materials 
in  the  thermocouple  legs.  In  the  steady-stale  type,  the 
hed  which  paaaes  through  the  device  in  dissipated  Into 
the  cooling  medium  by  fins  or  some  other  mcaim.  This 
type  ul  generator  Is  designed  so  that  the  heat  dlss'psted 
Is  equal  to  the  heat  taken  from  the  source  minus  the 
electrical  power  delivered  to  the  load,  la  tba 
iMMoteady -state  caae,  where  the  heal  Is  applied  lor 


Under  the  above  assumpUana  the  power  gnerated  durligf 
aource  heatup  can  be  considered  aa  a  boaiau.  Any  rlg- 
oruus  analysis  which  takes  account  of  this  bonus  powar 
would  be  very  difficult  due  lo  the  compllcded  tempera¬ 
ture  dependence  of  the  power  output.  For  this  reason, 
a  steady  -slate  type  approach  la  uaatf . 

In  cases  where  the  heat  energy  ta  llmRed  or  of  ax- 
Iremdy  short  duration,  the  gencrslor  mat  bedeslgned 
with  a  short  thermal  reaponec  time.  The  time  conataet 
of  a  thermocraipie  leg  caa  writtea  as  T  •  c^di^A  • 
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c^  •  >p«clflc  Iwal 

k  •  IkermtJ  cvo^ocUvttjr 
4  •  4«—Hlr 
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flan,  viMre  K  abort  rctponM  time  U  tweeetary,  tfe* 
thcrmocauple  !«(•  ahould  be  made  eerjr  •'■oft. 

1.1  THERMOCOUPLE  DE8IOM 

Flfur;.'  2  show*  •  dlitgramatic  reprcacniation  of  a  ther- 
mocowidt  (ewrolor  la  a  heat  eociaa.  From  11  wa  aae 

Orn  I  _ 

HCRTSOURCC 
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Fig.  2  Ttvtfk’mocmiple  m  a  Heat  Cnflna 
thM  the  electrical  power  ompiA  ii 


S.  -  «o 


''la  •  heal  power  taken  Crum  the  heat  aoMree 
^oot  •  heal  ptmer  dcpocllcd  Into  the  heat  aink 

T)ic  eincieaey  auy  be  defined  aa 


^  _ t  power  delivered  to  load 

'  ’  power  taken  frooi  auurca 


a  avarata  Scabaok  eaaSlelart  I 
"  matartal 

2  •  averaia  teafiark  rnaffinliM  I 
^  matartal 

r  •  genarator  raaiauna 
K  a  thermal  coadaefw 
a  a  aumbar  of  IlMnDOoaaalaB 


r  Aa  c^oraUag 
BiH'  lha  raala- 


Since  the  Seebcck  coefltclceda  are 
ent  each  one  abould  be  araraged  ai 
temperature  range.  TUa  la  alaal 
tivlty  uaed  to  calculate  gereralar  i 
temperature  dependence  of  the  tha 
ueually  email  and  la  often  acglatfe 


The  maximum  efTlclesci  la  nWilaadly  dMIcrtnualing 
E(|.  (3)  with  reaped  to  ai  aad  la 

It  -  i 

’’mex  "  M 


M  -  (B/r)^  -  [»  *  I  *  V]  ^ 

The  malchcd-laad  emdeaqr  fakeea  •-!)!# 

*<^h' V 

’’m  “  3r^  *  •  (VX)  <*• 

Since  thla  la  the  efilcleacy  M  arldtk  mmiliaam  powar  la 
delivered  to  the  load  M  la  amee  ^pgftcaMc  to  abort* 

U'l  m  gencratsra  where  the  hcM  aanrer  la  aaually  larga 
enough  IhM  the  device  pteeeate  ae  appaerlrhle  heal 
load.  In  caaea  where  the  heM  aeami'  la  Urallcd  Eq.  (SI 
should  be  uaed  under  the  condmeaa  •(  E4.  (Sa)  to  pro¬ 
vide  maximum  utUIxatlon  cf  tha  beat  tskea  from  tha 
aource.  However  the  dlSefeaoa  hMaaea  tha  optimum 
and  tn^chcd-lood  clflclcaclca  la  •mmaUf  aoiall  ae  that 
a  alighe  mismatch  hdwcea  grammar  tmt  laad  mqr 
not  be  aerlaua. 


The  expression  calculated  by  lolfe  (Ref.  2)  for  the  effi¬ 
ciency  of  a  thermocouple  la 


The  output  heal  power  ef  a  tbrrmaifleilrlr  generator 
eonal  sting  of  n  therotocc’  pics  laaaataa  (assuming  ae 
loaaca  between  the  cleaaa^  la 


,  ♦  S-t-J 

*  Z  T 


♦  lif 


1^  •  (T|^  -  (CarncA  EfTIciciKy) 

*  kat-)iinctfo«t  tcmperatarc 
«  cold*)ufkctlon  temperature 

m  **  ft/r  *  ratio  of  load  realatance  to 
generator  retlalaftce 

The  quantity  Z  la  called  the  device  figure  of  mertt 
and  la  defined  tqr 

z .  ^ 


ti  *  thermal  c«ndoctSvil|r  ^ 

aame  for  both  lege;  IJ  i 

K  *  ‘p>« 

A  -  crosa-acctloaa]  area  al 

2  a  length  of  tha  therameae 

1  -  current 

a _  s  Seebcck  coctflciad  af  I 

pr 

a _  ■  Seebcck  coefltdcal  ef  ■ 


.*  --JT  ♦  V 


Md  la  be  tha 
replace  k  by 


r-type  leg  at  T^ 
Fpe  leg  at  T, 


The  firstfarmon  the  right  of  Eq.  (T)  la  lha  heat  loaa  by 
conduction  while  the  aecorai  la  tbc  aMUaatal  heat  which 


.  •  •  I 
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la  Ilbmud  Into  tba  sink  kgrtiMPcWtorifl^  Ikalart 

term  U  thal  part  ot  Ike  MarMlIjr  iinanlid  Jmetm  bait 
wMch  Ooara  lalo  tba  aikk. 

Dadar  aiatcfcad-lail  i  iiailllliiai 


I  - 


V  •  I*r  •  !*■ 

when  Ea  U  Um  open -« Iron E  volUf**  Sg«anhn 
nx^n-MMa  an 


<•1 


where  t  U  llw  open  arcult  «olta(a  ^aabark  *<ittact| 
froa  eictPUierinocoupia.  8ubtUluUa(  theaa  <1— nIHIaa 
and  Eq.  <1)  and  (2)  Into  Eq.  <7).  wa  oMala 

r 

^  -  P,  -  2«>k(A/«)  AT 

which  radueaa  la 

P,  •«Kj  A/M  (*» 


where 


•-e> 


(*•» 


It  It  ofteo  convcniem  to  dHtaa  the 
couple  (rora  Eq.  (9]  aa 


power  tialpid  par 


It  U  roadUy  acca  tbal  Kg  is  dependonl  only  npsn  thn 
fnateiial  properties  and  the  Junction  iotnpei atnios. 
Thus,  we  see  Iron  Eq.  (9)  lh:C  for  n  fiven  ihorasoelec- 
Iric  material  and  apecified  JuncUoo  tempersCnres,  Ibo 
power  output  from  the  generator  cas  be  adjusted  to  M|r 
deslted  value  which  la  consistent  with  the  oiac  of  tbs 
beat  source  and  sink  simply  by  varying  tbs  snnber  of 
thermocouplea,  or  adjuallng  the  A//  ratio  of  the  tber* 
mocouple  legs,  or  both.  U  Is  usually  more  dralr^o 
from  the  standjpolnt  of  simplicity  to  adjnst  (he  power 
output  by  adjusting  A/d  .  However,  from  Eq.  (ff)  wo 
see  that  the  number  of  thermocouples  is  dsterorisod  by 
the  required  output  voltage  making  A/S  no  loq^er 
arbitrary  for  a  gWen  power  oulywt.  If  tbs  retrod  A/l 
ratio  tuma  out  to  be  Impractlc^ ,  tbc  problem  can  often 
be  solved  by  using  an  appropiiats  ssrics-parmllol  arrqy 
oX  thermoccnipScs. 

The  total  mans  of  tb«  themioelectric  mstsrisl  Is 

-  snAia 


srbors  d  Is  tbs  dsmigp,  CsmMnlag  Bqs.  md  pg|» 
vs  obtain 


hi*  A*d  K, 


-1^ 


whara 


-  lA* 


P14 


Slaoa  Dm  meat  or  welgM  at  tha  Ihermeeoivlaa  la  pro* 
porttaael  to  A*  .  It  would  teem  dealreble  to  meko  tha 
cruaa-eectionel  area  aa  amall  as  poailbla.  Thara  art. 
howaver,  Imponiat  llmltatlona  aa  to  boar  amall  A 
skould  ba.  Tbeaa  eaa  ba  aammartxad  aa  followa: 


o  Slaca  the  contact  raatatiara  at  tha  )anctlaB  la 
Inversely  proportional  to  the  contact  area,  A 
muat  be  laiie  enough  to  mnkc  tha  ooeiact  roelit' 
anee  nc^lglble  la  compaiisontothe  raatatanoa  of 
the  thermocouple  leg.  Therefore,  A  cljumK  ba 
made  arbitrarily  small  to  reduce  Dm  thermo 
couple  weight  without  acrtoualy  allectlag  tha 
efficiency  of  the  generator, 
o  A  must  be  large  ceough  to  provide  cflacUve  hetf 
removal  from  the  cold  juncUooa  to  avoid  craaUag 
hot  npotc  In  tha  heal  aink. 
o  Since  high  efficiency  thermoelectric  matartala 
are  by  nature  crystalline  or  poiycrynUlIlne  and 
are  uften  briltle.  the  prohlcia  of  roachlnliv  tha 
material  >0  amall  diameters  without  aaceaalva 
breakage  can  be  very  aarlsua. 

Commercially  available  thermoelactrlc  malerlala  am 
usually  offered  in  Ingots  of  vartowa  dlametcra.  Tharw 
fore,  if  ti>e  material  can  be  nfaialncd  with  an  accuptobla 
divnctcr.  the  thermocouple  legs  esu  be  cid  and 
nachlmd  to  the  desired  length  dIrecUy  from  tha  Ingot. 

i  3  KEAr-SIlfK  DESiCN 


vna  irmpK.'nura  of  the  hem  aink  m  aity  glvta  tiaia  t 
he  f'eUermined  from  the  eqaaUon: 

‘>«d  '  “ha  % 


where  M.  la  the  mtaa  and  c,  tha  apectflc  heat, 
combtnliqP*Cqa.  (1)  and  (2)  ws  ablam 


whert 


TVia  wa  stAaia 


“ha  %  « 


0*1 


A  complete  solution  to  this  equsUoo  would  bavs  to  bs 
obuincd  by  numerical  methods  since  both  P  and  ij* 
are  complicated  funcMona  of  temperature  as  evidenced 
by  Eq.  (6)  and  p>.  However,  If  we  assumed  tbsi  tbs 
variation  of  the  aink  temperature  is  small  cooiparsd 
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wtMi  (1^  •  .  alnfil*  iaUcrtfton  of  Es-  0*) 

-  V  -  *^1  -  V  ^4) 


(Ij  - •  ovarcUoa  tin*  af  Um  gaaaritor 
T.  •  iaMlal  tcapar^ar* 


room  tamparatMra.  All  or  part  of  tha  haat  la  itaaaatai 
by  tha  laleat  haat  to  fualoo  without  any  taaiparatara 
rtaa.  Tha  tlma  durliai  wiiich  tharo  la  no  lamponitwra 
Incraaaa  la  t  -  Lm'/O,^  whom  L  It  lalaot  hot*  af 
futioo  and  m'  la  auaa  <d  malarial  which  baeomao 
moltaa. 

Two  ot  tha  maiqr  poaalUa  malarial*  which  coaM  ho  oaa4 
(or  thit  purpot*  art  Wood*  alloy  and  todlam  phoopha** 
(NtjHPOa'lJIHjOI.  Tha  latant  boat  propartlaa  oflhamB 
mctorlala  ar*  llatad  boloar: 


By  comblnloE  ahcw*  aqaatlca  with  F.<1.  (19),  Ih* 
(ottt  of  lha  hoal  tioh  can  be  wrlttca  at 


“h*  -  ‘  ^ 


K,  -  - L-* -  (15a) 

*S(Ti-T^ 

The  choice  of  Ihe  temperature  T.  dependt  upon  the 
panicular  detio  and  bow  muck  power  the  overall  device 
mutt  deliver  (or  Ihe  appllcelioa.  However,  it  lauMually 
chos  e  to  Ihat  either  the  average  Icoiperaturc  o(  the 
beat  liok  la  criaal  lo  the  cold-)anctloa  lemperalur*  Tc 
osed  in  the  thennacouplc  desicn.  or  to  that  Tj  la  equal 
to  Tc  .  In  the  latter  cate  the  ahort-lerm  generator  will 
be  tomewba*  overdetigned  tlocc  the  heat-aink  tempera¬ 
ture  will  alwayt  be  leat  that  T^  . 

2.3  CHOICE  or  HEAT -SINK  MATERIAL 


Meltli«  poll*  CO  *5.5  9*.l 

Heat  o(  (ualoa 

(w-tcc/gm)  35.1  3T9.S 

Deoaity  a  L 

(w-a*c/cm^  Ml.O  41*. • 

Becauae  the  heat  conduillvlty  of  thcae  type*  of  mateaS* 
alt  It  often  quite  low,  the  container  thould  have  ia- 
ternal  fint  and  be  made  ot  a  high  conductivity  metal 
tuch  aa  copper  lo  provide  even  beat  ditirlbutloa. 

2.4  OPTIMIZATION  OF  DESIGN 

Since  Eqt.  (1 1|  and  (15^  thow  that  M(e  decrcaaea  wbilc 
Mfic  Increase*  with  une  would  expect  that  therw 
must  be  sn  optimum  value  of  pg  for  which  Ihe  »na«l 
mass  or  weight  of  the  generator  la  a  mlalmiun. 

The  total  maaa  of  the  abort-term  generator  can  be  ca> 
pressed  as 


Because  of  Ihe  astare  of  the  short-term  Ihermoeleetrle 
generator,  the  choice  of  the  heat-alak  material  It  a 
very  Impoirtaal  part  of  the  overall  desiKn.  In  addiiioa 
to  the  denally,  the  tpeclllc  heal  and  thermal  conduc¬ 
tivity  are  very  Important  factors  since  Ihe  heat  sink 
•hould  have  a  very  high  heat  capacity  and  no  cxcetalve 
themal  gradicata  witki.i  it.  Thermal  properties  ot 
some  possible  beat-link  material*  are  listed  in  the 
fallowhy  Odd*. 


apecKIc 

Deoslty  a  e^ 

Thermal 

Con<kic- 

Beat 

'gm’c' 

(^^^) 

Uvlty 

MatarUl 

cm  'C 

Capper 

•.3* 

3  4$ 

3.M 

AbmilBB 

*.93 

3.»3 

2. Of 

Ifagnetlum 

I.U 

1.61 

1  ST 

BciyUlom 

1.1* 

3.14 

l.M 

CoipcT  la  Ibe  beat  as  (ar  as  volume  and  heat  conduc  - 
tivity  are  concemed  but  la  rather  poor  with  reaped  to 
weight.  Berylllas  am  aid  be  a  very  good  choice  a*  (ar 
•a  ooth  weight  lad  volume  la  concerned,  and  has  rela¬ 
tively  good  thermal  conductivity.  U  the  generator  It 
wtlhln  the  apecKled  weight  llmlta,  copper  It  the  obvloua 
cboice.  However,  It  weight  la  aa  Important  (actor  other 
aaatcrlals  should  ha  eoaaidcred. 

A  technique  lor  iBipnwing  heat-alak  charactcrlatlcs 
recerlly  dhscusaed  by  Kolenko,  (Ref.  5)  Involvet  the 
mac  i>(  ooe  of  the  many  materials  vrith  s  large  latent 
bem  of  (ualoa  having  a  malting  point  slightly  abov* 


where  mg  la  the  mast  per  couple  of  auch  acccaaary 
material*  as  the  contact  busbara  and  the  healing  plat*. 

It  it  aatumed  that  mg  It  aaaenlially  Indeptutdant  ot 
Pe  .  Frcm  Eq*.  (11)  and  (14),  the  total  maaa  par  thar- 
mocoupte  1* 

To  find  Ihe  power  ouipia  for  minimum  weight.  .dHferc^ 
tiale  Eq.  (ICa)  with  respect  to  Pg  and  aet  5M  tot/*^a 
equal  to  icro: 


♦  Kj  -  • 


The  optimum  power  output  per  couple  la  tharafor* 
‘‘•mu  * 

Subotllutlfif  loto  Zq.  (16a^  flTM  Um  Qlalai 

weigh!  per  thermoco«pl« 

“ml.  •  ♦  -# 

Under  these  conditions,  wc  must  have 


-■Sk  wN  ->  wN  ,.■> 


Ihm,  for  M  ofittmiMd  fMirolor,  tNi 

ttftn  of  %M  IM  oiak  akmWi  to 


«>l« 

Frooi  Eq-  <>ta)  ••  aUo  (M  IIh  ratio  W 

loba 


>; _ 

“lot 


w 


Eumtoatlon  of  Eq.  (20)  ahooa  Um(  W  kaa  ao  flatia 
maxima  or  minima  but  approachca  an  aayraytoaa. 
Takli^  the  Unit  of  W  aa  P,  aiprnarlwi  Infinity,  aro 
tlivl  that  the  aaxBiptatc  la 

urn  W  .  W _ .  l/t  (U) 

P^—  • 


which  la  the  maximum  power /wcigla  ratio  attainable. 


From  Eqt.  (10}  and  (11),  tl(^  leaeihrfthelbermocoupla 
legs  (or  a  given  value  of  P^  Is  (aaad  an; 


AK, 

w 


JS 


(Ml 


Sub«lttutlr\g  tq.  (17)  Into  tbU.  vc  fltoltot  the  optlmuna 
length  of  the  thermocouple  let*  Is 


ossi'^’ 

*  -~isr" 
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Ws  see  from  Cm-  (27)  that  U  IsApcndernt  of  UHh 
the  nomber  of  tbermocogples  as4  the  toal  |>oucr  output 
of  the  generator-  Thue,  o.'vce  the  profirrtiea  uf  the 
Ihermoeloctric  raaierlals«  the  Isactius  temperatures, 
the  cro9S-&ecti<ms|  area  o(  the  thermocouple  legs,  the 
heat*ainh  material ,  aiKi  the  time  of  uperatiae  are 
specified,  using  thermocouple  legs  of  length  f(ip|  «U1 
(^Uml:ee  the  short-term  tbermoHerirlc  gencrnlur  for 
rainlmuni  weight,  regardless  of  the  s ember  of  thorm(r* 
couples  or  the  total  power  outpet. 


3.  TYPICAL  DESIGN  CALCULATIOKi 


To  demonstrate  the  principles  ouAllsed  Is  the  preceding 
aectiuns,  w  e  shall  a|iply  them  to  di  slgp  of  s  short- 
duration  thermoelixtric  geocraWr  Is  skect  a  typlcsl 
requirement.  The  thermocouple  legs  will  be  n~typc 
and  p-type  lead  Icliuritlc  (PhTe).  Thts  material  is, at 
present,  the  best  available  commrrrislly  for  generator 
applications.  It  has  a  maalmum  opersUng  temperature 
of  about  <>50*C-  The  matched  load  efOciewey  and 
the  thermocouple  voltage  Etc  forlyp*^  f^Te  ther¬ 
mocouples  arc  plowed  .le  a  functisn  <j  the  hat-)uncthie 
temperature  in  Fig.  3  for  T-  *  5«*C.  Since  the 
overall  efficiency  of  typical  wrmorlectric  generators 
is  proving  to  be  aliout  JS't  less  thas  that  of  the  mater¬ 
ials  (due  to  contact  reslslance  and  tWi’wal  losses  bs- 
tween  the  Ihermocoujile  Icgw)  the  rffirlmcies  «huwn  in 
Fig.  3  have  Itocn  reduced  b>  this  smsMst  to  r  akc  the 
following  dcbliCn  more  realistic.  Typical  c'  ld-JuActlnn 
Seeheck  coelficicrUb  for  PbTc  are  Ss  lollies: 


2 


Fig.  S  Efficiency  and  Ttoraocoupls  VolUgs 


Tc 

S 

nc 

a 

pe 

l-Ci 

fmlcrovolU/^C) 

(mIcrovolU/’Cl 

M 

K* 

M 

100 

2«« 

107 

ISO 

22S 

134 

A|ipl>ing  Cm-  <9a)  to  the  data  given  above  and  Is  Fig-  S 
gives  values  for  which  arc  shovm  In  Fig-  4.  A 
thermal  conductivity  of  0.02  s/cro  *C  Is  assumed  for 
the  PbTe 


With  this  Information  let  ua  design  a  short-term  Iher- 
rr.ocK‘(virlc  generator  for  the  following  reciulrements: 

s  Power  output  at  matched  load  -3.9  watts 
s  H^-Jur.ctioo  temperature  -  600*C 
s  Initial  hcat-sink  lemperslurc  -  27*C 
s  Opcrsling  time  -  30  sec 
s  Hcat-sInk  material  -  copper  or  aluminum 


Let  us  assume  that  we  art  using  1  /4-ln.  diameter • 
n-i\pe  and  p-type  thermocouple  legs  (A  *  0. 31  cm*), 
and  allowing  the  final  heai-sinh  temperature  to  bo 
lOO’C,  which  will  also  be  our  cold-junction  tempera- 
Uire  '• 

c 

From  the  above  conditions  and  from  Fig-  4,  we  obtitn 
*  t .  35  waiis/cm  for  each  couple.  Using  Eq.  (lla) 
Kj  •  Za^K^  «  2.  IS  wtti-gm/couple.  From  Fig-  3. 

‘  ®  maklfg  g’  *  0.U623.  From  Eq.  (15»): 


t.  -  I,. 


■-.Vt,  t,) 


17  gm/wsU  for  copper 
^  1  gm/watt  for  aluminum 


itnoArTMi) 


K  iw*n/cwniio»  m  eooMi 


Fif.  4  WatU/cm  ptr  Couple  (or  FbTe 


wlierc 

«  0.39  ”C  (or  copper 

•<  0.92  mati'»ec/gia  'C  (or  alumlnus 

From  Ibe  enalysle  o(  Section  2  end  antumins  iMtt. 
iKg  •  10  gm/coople.  we  obuln  Uie  (allowing: 


Cottoer  Heat  Sink 

Aluminum  HcaiSInk 

0. 399  wstt/eouple 

0.  S-19  watt/couplc 

«’m.r. 

22  gtn/couplc 

17. 8  gm/couplc 

0*6 

*  g.n/couple 

‘'opt 

3.  S  gm/coupl« 

7.9  watt/lb 

14.1  watt/lb 

'opt 

1.19  cra(0.47ln. 

)  0.77  cm  (0. 30(n.) 

W 

maa 

2S.7  wattAb 

64  watt/lb 

0  23  voll/couple 

0.  23  volt/coupSu 

To  oWaIn  Ihe  rc<r>lr(-d  3. 5-waU  output  (rom  an  opU- 
mlied  design  we  must  huve  ten  thermocouples  l(  a 
copper  heat  sink  is  used  and  six  l(  aluminum  Is  used 
Thus,  (or  these  two  types  o(  shoit-term  generators, 
we  have  the  (oUoertng  characlcrlstlca: 


Coeocr  Met  Ink 
!•  eoupls* 
mgai  (».«  Ib| 


Aluaali—  Heat  Qlali 

•  couples 

lOT  gB(0.«(lb) 


Mca(0.1>lb)  >3.«C«(».«»lh) 


l.Mvoll 


Figures  i  amt  •  skmr  tbs  behavior  of  Kot  » 


Fig.  S  Weight  vt.  Power  OulpM 


mhrn  «acti  U  plotted  m  funcUoit  of  power  outpoi 
accordir^  to  Cqt.  (16a)  and  (20)  (or  copper  and  alum* 
inum  hetf  aifAe. 


Figure  ^  ftvea  an  Indication  of  Ihe  weight  per  couple 
perxjity  we  would  pay  by  ntA  ualng  opt  I  mum ’length 
thermocouples.  For  example.  1(  the  number  of  couple 
ti  fixed  b)  a  apecUlc  voltage  rc<)ulrement.  tntt  the 
power  re<iulrement  ia  conalderahly  leaa  than  apL 

It  would  not  pay  to  try  to  design  the  unit  (or  a  power 
output  leae  thwi  tkla.  In  other  words,  regardlesa  of 
the  required  power  output.  It  la  always  beat  to  use 
thenoocoupic  Icga  o(  length  |  . 


Figure  7  is  e  photograph  showing  a  laboratory  model 
o(  a  abort 'term  generator  being  demonatrated  using  aa 
ordtnary  blowtorch.  The  gene-ator  haa  twenty  PbTe 
thermocouple  Icga  1/4'ln.  In  diameter  and  l/4-lii.  lotig. 
A  dc  to  dc  converter  uilng  germanium  tranalators  la 
mounted  to  the  heat  aink  o(  Ihe  abort -term  generator. 

In  Ihia  dcmonatratlon  a  bank  o(  capacltora  totaUtng 
12.000  pi  la  charged  to  about  60  volta  In  one  minute. 
Th<-  weiglu  of  Ihe  generator  alone  la  about  0.69  lb,  A 
plot  of  Ts  .  Tr  a^  Pp  (or  thia  unit  without  the  cos- 
verter  la  abown  In  Fig.  S  ualng  Use  blowtorch  aa  aa 


2Z3 


rig.  a 


Pci  fa 


of  Lolient«f7  MoM 


Fit-  <  powcr/Wcicfti  Ratio  v>.  Ponrer  CkitpiA 


Fig.  7  Demonatratlon  of  Laboratory  Model 


Intrnie  Seat  aource.  ITic  converter  waa  reotovad 
fi'om  the  heal  airtk  lur  thla  tcot. 
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Q.iarts  ayalAa  Imm  baon  «aad  aa  ffaqaanoj 
obtroUlac  aliaita  far  Bara  tha*  foa^  jraara 
Md  bara  fawldad  rallMa  OTwraAloa.  Sacauaa  tt 
Uda,  tlaa  aplaloa  ia  wmmtm  that  all  ctiyaleal  and 
amcluaaaiag  preblaaa  caaaactad  with  t'  aa  ha  • 
baen  aolaad.  Tbta  la  far  fraa  tha  lii  <h.  '  j 

caatlfnaaal7  atlftaalaK  (agalraaaarta  (-  •w  .aloa 
apid  ataMUty  af  tnqmnej  ccatrol  alaM..ta  to  ba 
aaad  la  anlera  r  fail  rat  Inna  aaid  oanrlcatloo  tya* 
laaa  and  far  epaca  arnlaratlaa  haan  nseaaaltat^ 
Ban  darriafata  la  Iba  rnarla  crpatal  flald  and 
a  laabar  af  aaa  a>7Btal  IrpM  an  am  arallabla 
Ktiicb  aaia  not  la  azlalaaea  a  fan  jcara  i(a. 

nem»  1  ahoaa  a  cictara  af  tha  acst  cea- 
aonlr  aaad  aUltary  crTaial  tyoea,  fhay  aonalat 
of  thin  mail  plaaaa  of  aaarta  plaud  th  natal 
alactmdra  atrleh  ara  caaorcted  fay  neana  of  olBao 
vlrta  to  tba  plna  la  tha  aowit.  Tbraa  cryrtala 
are  aoctunlcal  raacartora  ifileh  ara  exeltad  to 
thlcknaaa  afaear  alfaratlona.  Tha  thleknaaa  la  tha 
frequency  data  rat  nine  dtaraaten}  tha  thlnnar  Uaa 
cryatal  blank  tha  blehar  Ita  fraquancy.  Daeona* 
tora  of  thla  typa  ara  aanfala  for  tha  fraquancy 
rin(o  <  f  800  ke  to  200  ar.  For  lower  fraquancy 
operation,  a  maaber  of  other  crystal  tyr^a  ara 
arallabla  albratloe  lo  flauaral,  axtanalonal  or 
face  ahear  aodea.  Since  noat  of  the  recent  do- 
aalnpaonta  ara  eoaesmed  with  thlckneaa  ahear 
Tlfaratxra,  tha  aublect  af  thla  paper  will  ba  ra- 
atrlctod  to  quarta  raaooatora  of  thla  typo, 

lha  larsar  eryetal  ean,  known  aa  typa  tr-b, 
aaa  drealoped  flral,  Tha  aataller  can,  known  aa 
tyra  HC-18,  waa  Introdacad  l«t«r  to  eorply  with 
Um  alnlaturlratleo  trenii  of  iwylem  nllltary 
aottlraant.  Tha  preaant  tendency  for  newly  dor- 
nlopad  erretal  typea  la  to  accaawdtV  the.na 
resona  eia.  If  at  all  noaslble,  In  tho  alia  of 
tha  HC-lS  can.  Thla  reqoirea  a  alte  reduction 
of  the  Cxyrtal  nlalc  which  la  eaalee  to  acconp- 
Ilah  for  the  tnin  hlyh  frequency  cryetala  then 
for  thicker  eryetal  platea.  At  nreaent,  cryatol 
witr  for  freparnclca  aa  law  aa  3  ar  are  b<>co<rli^ 
crallrbta  In  the  fFT-lB  aixe  by  nejeis  of  Sirnal 
Corpa  apocrored  nroductloa  En'nncer^nc  eontroeto, 

Cryatala  of  tho  HC-lf  ronflfurellon,  ho>r- 
ernr,  are  rot  the  mnllcat  ly-e  prreently  under 
derelopamt.  In  line  with  the  n^roitlnltturita* 
lion  procran  of  the  Sirm’l  Corpa'*',  crystals 
are  helot  *ede  to  fit  lata  the  size  pf  a  ijcro- 
nlcnerrt.  /Iqure  2  ahown  anch  a  cryatal  unit  In 
dlrsaaserhled  font,  Tha  atwdard  wafer  alre  la 
0,3"  squarej  tha  asaewbW  crratal  unit  li  50 
alia  thick,  Tha  cryatal  la  ctrented  to  the  cen¬ 
ter  w-fer  in  3  points.  Tla  two  other  wafera 
aerre  aa  c-jvrra.  Tha  aatiai  blank  dlanaVer  which 
thla  Ilealrn  ear  acrtaewjdrte  la  O.IPS  Inches.  Dep- 
Plto  thta  Blze  llaltallon  crystal  units  with  a 
frequency  at  low  aa  7  rc  Hrte  horn  derclored  for 
tho  r-dcronodnle  eonfieuratlon. 


Tha  eryotal  bladko  an  aai  flea  tko  raa  qoartp 
■t  a  curtain  anfla,  Thla  aaflo  dateralaao  Eio 
teaneratarp  behaylor  of  tho  etystad  mtb,  ao  llo 
loatraUd  In  Fleva  3.  It  ca>  ba  oasa  that  a 
ehando  tn  avjla  of  only  10  oda  af  ««  haa  a  sraat 
afreet  on  tha  t  sag  at  at  ■■i  hahawlar  of  tha  eryetal 
watt.  Moat  allltiaT  cryatala  ealaAala  thalr  aoa- 
laal  fraquancy  aenr  tha  taiiualMi  raifa  frea 
-55  to  *105*%  with  ao  ereatar  davlatlaa  thaa 
^50  ppa.  Fee  r  twaSbar  of  aapllcatloaa^  haaaeay, 
a  bettar  taEq>aeatura  stahdltbF  la  daatrad.  TM. 
can  ba  achlewad  by  ecotraUlay  tha  aacla  at  eat 
to  a  eery  tl<tat  tolrraace.  if  cjatnUtpy  this 
anqls  to  aboot  1  alnnta  af  awe.  It  haa  hara 
fmod  poaalbla  to  deueler  erystala  aedadalalad  a 
total  tolaranca  of  «  25  ppa  asm  tha  tan^iiratiai  a 
rane«  qlrwn  aboue.  ~^>aeala|iaBl,  at  thaws  cryatal 
types  baa  been  etqr<ertad  by  "radaetiaa  Ihiclnear- 
Inp  Keaaurea  (PIM)  at  tha  Slyaal  CakTS  said  anch 
cryatala  are  non  aralliMa  fbea  a  aaihar  at  aaiv- 
afaetarera, 

Anothar  area  wham  1  pamaiaiita  la  atablllty 
have  been  found  n'xeesay  la  ta  lawreaca  tha 
st.tblllty  m-suj  tine,  tdsea  ebj‘n«»l  awer  lenear 
perlodc  of  tine,  all  cryatCls  show  sll«l>t  warla- 
ticn  In  tSclr  outhut  freqaanry,  ^ 

croceas  which  is  eerrenly  referred  to  aa  "aqfln*". 
The  rMln  reaeno  for  aclae  la  a  ctamta  nf  SK^iea 
loading  of  the  crratal  plarta  by  adaorptlea  or 
deccrptlon  of  mar,  ajaetiaa  at  anall  partlclaa, 
rccryatallltHtlon  nreecaaes  la  tha  aatal  plrtlnfi 
and  dif.'usloii  nrfeeaaen.  Tfda  caa  caaaa  altaar 
an  umard  or  a  dmnwajst  rhapra  la  ftraqaeacy. 

Fl<ture  b  lllantratca  tha  aclnt  bcbanrler  of  a 
rrc  jr  nf  atpndard  rllltary  errstela,  AIT  cryatala 
of  this  qroun  ware  nadt  b”  tha  ama  BaaBfactarvr. 
They  wera  rtsced  In  aa  orca  at  85‘'C  md  tha  emtpot 
frequency  wra  obsepwed  aarr  a  period  at  apnroB- 
i-netely  flwe  i-onth*.  The  nrma  ia«rw  that  tte 
hehsTlor  n"  the  unite  la  watte  IrreywlsT,  Ta  the 
hcylnnlrr,  soar  ape  %'Tvjed,  sms  apa  dewiaawd. 

At  the  end  of  t>e  dKserwrtlea  rcrloit,  all  haea 
decrecaed  In  frenuener;  homwyr,  tha  want  of 
total  er^lnr  la  qolte  dlfTerwat  far  ladtuidBal 
eiyatala. 

TWO  coielua'cna  co)  be  hram  frcaa  Uda  cam, 
(1)  All  crvst.nla  avowed  aa  amroelsbla  awmjt  at 
•r.lce,  (2)  The  lonr  tine  arln(  cawiol  ba  rra 
dieted  by  the  awort  Vne  behaeler  at  theaa  anlta 
over  the  first  tea  dagm. 

Future  Ir.Tcstlr.rtloB  at  t*da  natter  rawaalad 
tliet  the  ™ain  colrrtt  In  tha  aclrE  bahrelor  la 
the  oetcl  emu  Tt  is  extramly  dirrii:alt  to  clwan 
the  cans  proccrly  and  It  la  alan  dirflralt  to  astl 
the  c.-uia.  Ernn  eenn  which  ware  tlfhtly  awslrd 
'turlnft  the  first  ten  dqra  mowed  amll  Iraka  rftar 
tdJO  or  three  rontho.  leAai;e  of  the  esaa  ta  tha 
creetett  aJnrln  oonUlbatsar  ta  a  hleh  ^Iny  rata. 
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iftar  $fifr»eUiA»  •ttori*  h*d  boM  mttmda4 
tanr4  laprorlnK  tb*  aatil  eaoa,  thia  waa  tawl 
to  ba  a  dlfflealt  taak.  iltheosb  It  la  pnMila 
that  b7  apaodlnc  ceoaldarabla  iiaa  aad  unay  a 
anltAla  aatal  can  coaU  ba  darelapad.  It  «aa  da- 
olbad  by  tba  Slfaal  Corpa  that  tha  aoat  pradalac 
and  poanlbljr  eheapaat  aay  to  obtain  Iom  t(lfi(  ery^ 
tala  «aa  to  dlaeai^  Uia  Mtal  caaa  coaaplataly  and 
to  go  to  anotbar  Mtarlal,  oaaaly  gloat.  OImo 
baa  tlvagra  boon  oaad  aa  an  anelonra  utarlal  for 
blgb  praeialoa  eryatala.  ngora  $  about  'b<o  gtaaa 
ancloaad  cryatal  nnlta  uhlch  art  aqulTalant  t> 
also  and  abapa  to  tba  natal  encloa^  onita  of  tha 
fC-6  and  K-lS  cooflgnratlOB.  Tbla  nakaa  It  poaa- 
Ibla  to  lutarchang*  glaaa  and  natal  tinlta.  {baaa 
nnita  ag?a  aaalad  mahr  Tacwau  Tha  glaaa  can  ba 
aaally  elaanad  and  laakera  can  ba  datactad  after 
tha  adta  haar  baan  aaalad,  althar  by  a  Ttala  coll 
taat  or  by  ;hort  tlaa  aging  tasta.  Exparlanea  hat 
ahoua  that  with  glaaa  ancloaad  cryatala  a  good 
-comlatiou  axlata  betuaan  a  short  t^  ag- 

log  teat  and  a  six  nontha  lorg  tarn  taat'‘).  Tbn 
mnaa:xb  and  daralorawot  work  on  thaaa  onlto  la 
baolcally  eoavlatad.  Onita  in  HC^  and  HC-IB 
caaa  bars  been  daraloped  under  Signal  Corpa  ;oo- 
tracta,  and  hara  net  tight  aging  specif icatiooa. 

An  arplleatlon  whara  ouch  imlta  will  ba  of 
ntal  Inpoa^nca  la  tba  flald  of  tactical  alngla 
aide  bai^  eonnunlcationa.  Exparlnantol  pack  aata 
hava  bean  built  which  neat  tha  atrlngant  rc<pilra* 
nent  on  frequency  atablllty  Inpoaad  by  rippraasad 
carriar  alngla  tide  band  uparatlou.  In  thaaa  aata 
tha  crystal  unlta  art  placed  la  an  adequately  eon* 
trolled  «rr*r  and  mrated  at  8?®c,  An  aging  rata 
of  ona  part  In  10'  per  nonth  appears  entirely 
fctsibls  with  tbass  oslta. 

At  present,  there  la  no  other  way  to  achlawn 
tha  required  frequency  atablllty  but  td  place  tha 
imita  In  an  oren.  This,  of  courre.  Is  an  undealr- 
able  restriction  on  alia,  weight,  and  p^ier  coo- 
ainptlon  of  tha  aqulpeient  alnce  for  portable  aata, 
tha  osreo  power  has  to  be  takan  frees  batteries. 
Preasnt  efforts  nf  the  Frequency  Control  Dlrlslea 
of  tha  O.S.  knqr  Signal  Research  and  Dcralofsent 
Laboratory  aro  rlnad  towards  silnlrvlslng  this  raa-> 
trletloo.  Atterepta  are  underway  to  design  an  oeon 
with  axtrenaly  low  power  coasurption.  Other  re¬ 
search  sporoachra  are  directed  toward  finding 
■eana  for  elimlnallng  the  eren  eortplctely  and 
still  ralntsthlng  the  required  frequency  stabll- 
Itjre'.  sxi  these  approaches,  howsrer,  art  In  aa 
srrly  daealopnent  aiv.*  and  at  present  not  retrdF 
for  lasaediata  ap-illctt'.on. 

One  pcrforeurce  requlrenent  of  quarts  crya- 
tal  units  which  recently  hat  gained  Irportancs  la 
their  shock  and  wlbratlon  reslstsnca.  Tba  praaant 
speciricstlon  calls  for  a  shock  test  aial  a  two 
hour  vibration  lest  In  the  range  10  to  5?  cycles. 
For  wort  crystal  units,  tha  persdsalhla  frequency 
change  after  this  test  la  ?  p.-sa.  Thla  tart  guaar- 
ar^et  a  cert. in  rurgrdnest  of  the  crystal  design, 
Howerce,  In  nepy  erpllcatlons,  particularly  for 


aircraft  and  galdad  alaaltaa,  aoDsltlag  fFaqaaaalaa 
loeh  hlgbar  tbaa  $0  epa  aodat.  For  tlil«  raasev 
It  la  pltawrad  to  oxtaod  tha  vlbrattoa  raatga  for 
BaMar  erystal  typaa  to  2000  epo.  Tbooo  roqolr^ 
■osta,  bawaoar,  art  baaad  oa  "bafora  and  oftaa* 
tarta  and  glwa  bo  lafcaytatloB  trow  wall  tiM  orya- 
tal  will  Maintain  Ita  froquaney  darlnc  tlw  wt- 
feralloa  asialtotloB.  Laisat  raqalraaiaiit  a,  par^ 
tleularly  far  adsalla  guldanea  syatons,  spoeliy 
fraquaiKy  or  phasa  stability  during  tho  wlbratlon 
oTKountorad  at  tba  laupe'alng  of  tbs  nlsolls. 

To  design  crystal  units  nsetlng  tbaso  ra> 
qulrcBsnte,  it  la  first  naeaasary  to  osnalno 
tho  nountlng  atraebara.  It  was  found  tbot  tha 
eonventlorul  wlro  aounto  aa  shown  la  Flgnra  1 
harp  Mechnleal  raponatwraa  In  tha  rango  12$  to 
$CO  cyelst.  Whon  aneh  aoiastliig  rosoaraneai  la 
axclted,  n  ohlft  of  the  eiyatal  fraqusuey  oeeuro. 
It  la  raceaaary  therefora  to  oVladnats  tba  ■ouaite' 
Ing  rcacharreea.  Figure  6  shows  a  pletam  of  a 
erystal  In  a  wwry  stiff  nonnt  wbosa  flrwt  nnehan- 
leal  reaonancs  oocura  slightly  tbar*  2,000 
eyelet.  This  nourrt  was  aaad  by  the  fregnaney 
Control  Olwlalon  for  special  phasa  stAlo  crys¬ 
tals  required  by  Jet  Propultlon  Laboratory  (J?L) 
far  a  nlaallt  xuldar<a  aystea.  Theaa  eryitals 
wore  founl  to  bo  oztraaaly  ruggad  and,  on  tho 
requart  of  .IPL,  51i  me  cryrtala  of  that  type  wnra 
■ate  by  tha  Fraquency  Control  Diwlalon  for  mas 
In  tho  Ekplorer  aatellltaa  whore  they  base  ahaun 
satiafaet^  porfnmanea, 

Tha  dcrelopeent  of  theaa  units,  bocauae  of 
lack  of  tire,  was  nalnly  dona  on  a  eat  and  try 
haals.  Ib  the  veantlic,  a  aopa  aystcrotla  In* 
wattigallon  has  bean  Initiated'"^  Oiw  result  of 
that  lovcstlgatlon  It  shown  In  Figure  7.  Flntted 
hare  art  tha  swapured  frequency  changes  of  an 
caclllatlnc  cryrtal  blank  under  tha  Influence  of 
a  conpretsional  foreo  weraua  tha  aigla  nf  attack 
of  that  fores.  It  can  be  wen  that  tho  saadjaM 
frrquancT  change  for  an  AT-eut  C’-yatal  ocaui-a 
when  It  la  conpreased  along  the  I  direction.  For 
an  angle  of  60fi  off  X,  no  frequency  change  occurs. 
Vhen  tha  force  la  anplied  along  tha  Z*  okIb,  fro- 
quency  change  la  again  obaerred  but  In  tha  oppos¬ 
ite  direction.  The  beharloT  of  another  cryst^ 
cot,  the  FT  cut,  la  quite  different.  It  abowa 
gnailer  frequency  changea  but  It  haia  no  Bsutral 
axis  end  tha  frequency  change  la  always  nsgailra. 

Tha  edatence  of  a  neutral  axrla  as  shown  la 
Figure  T  la  also  of  Inportanca  for  (taking  tha 
cryatal  output  frequency  Insenrltlwe  to  i>tatlo 
acceleratlcD  forces.  Inrastlgatlona  conducted 
by  Bell  Tulephtone  Laboratorlea  under  a  Signal 
Corps  contract  on  tha  effect  of  static  otcalerM- 
tlon  on  5  uc  high  precision  ciyatal  unlta  hare 
Bhown  that  the  nountlng  of  these  units  la  of  rltal 
Isirortsnea*')^  At  present.  It  see«a  possible  with 
a  pToo-rlT  selected  noi'ntlng  to  reduce  tha  aceel- 
aratlon  eoefflelmt  of  frequency  of  these  unlta 
tc  about  1  part  In  10*"  per  g  at  least  for  one 
dlraclloD  of  tha  acceleration  rector.  It  la 
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that  •  oeoBldarifcla  aMMiit  ot  f«- 
March  anl  daralofiMot  iwk  will  ba  aacaaao'/ 
fora  aa  anltrataoillv  of  tha  baharlor  of  crjataflL 
;l(taa  wDdar  Daa  loflnaoea  of  aortaroal  fercaa  la 
r«aeha4  awl  crTwtala  ioaonaltlrw  to  rlbratlea  mi 
accaUratUm  cao  ba  dtai«nad  to  tha  apaolfUatlaai 
of  tl«a  aav. 

?>«  eanaldarattiina  aa  fv  wara  eoncoruad 
iflth  tha  aM  of  crratala  aa  fraquancr  eentrolUax 
tltaanta.  Than  la  awUiar  arnllcatlon,  liiannw, 
vhara  qnartt  CTTitala  an  ralaiklaa  Thla  la  tltalr 
VM  aa  fTu<|>>atie7  aalaetlva  alannia  Id  flltar  «:lr- 
culta.  Baoauaa  of  thalr  hl<h  Q  an^  axcallaat 
tMfMrataru  and  tlaa  atablll^t  qaarta  cr7atala 
art  daalrabla  caaponrata  for  high  praclaloo  fU- 
tara*  At  fnquatielaa  balow  1  ne,  erjatal  fU^ 
tara  hara  boar  oaed  for  aora  ihati  thlrtf  jraarwa 
VS«n  it  an  triad  to  axtand  tha  froquaner  raaca 
of  Buch  flltara  to  hlgtvar  fraquanclaai  parttealw 
I7  to  rraqoenelaa  abova  10  ae,  gnat  <li  fflcultloa 
aara  aneoaotered  baeaeaa  of  tha  aporlnoa  ooda  coo- 
taut  of  AT-cnt  erjratala.  Thla  la  llloatrctad  la 
flgnn  8  which  ahoua  tha  aporloua  aoda  dlatrlba- 
tlon  of  a  coTmntional  oaelllator  er73tal.  Tha 
aaiaurtarnt  waa  rwda  by  Inaartlrg  tha  eryatal  la 
a  bridge  natKork  wMch  waa  connaetad  to  a  datactor 
hrrln^  a  logarlUiile  charKtarlatie*  A  algnal 
garirrator  waa  connaetad  to  tha  Input  cf  tha  ba  Idga 
erd  was  awapt  through  tha  raa^nanca  region  of  tha 
cryatal.  Tha  racordliig  ahowa  that  a  eoraldarWbla 
T»jd>ar  of  •'nirloui  •odaa  arlatt  tha  atfopgaat  of 
which  art  only  lf>  db  below  tha  aaln  ntponaa. 

Such  wTrtoua  rod«a  an  Intolarabla  In  a  flltor 
neUroaitu  Tha  afferu  of  tha  cryatal  Oaalgnor 
tharefora  wan  dlraeted  toward  a  auppnaalou  of 
thaao  Midas.  Ona  of  tha  mat  afflolrnt  mano 
for  doing  thia  waa  darwlopad  by  tha  fraquaney 
Control  Wrlslon  by  ulng  not  e^ular,  hot  tri¬ 
angular  shaped  cryatal  blankt'®',  Tha  Irproom- 
Mnt  ebtalnahlo  with  tha  triangular  ahapa  la 
ih^m  In  Tlgon  9  which  Indicates  that  tha 
strongest  aourlous  node  Is  60  db  balow  tha  laoSo 
■oda.  Ftgura  10  shows  a  pletura  of  triangular 
crystals  nada  for  tha  and  HC-I8  holdcro. 

Tha  eletcra  alao  ahowa  a  circular  flltar  etyotol 
when  tha  aappraaslon  of  apurlooa  andaa  hna  ban 
ancoagillshcd  by  ualiui  a  war^  mall  alactroda  also, 
althougl.  wary  Batlsfactory  crystal  flltara  can  ba 
built  by  oslng  a  cryrtal  daalgn  of  thla  type.  It 
la  felt  that  tha  triangular  shaped  crystals,  bo- 
causa  of  thalr  better  suppression  of  apurlora 
sodas,  will  beccsis  partlculsrly  rsluabla  for 
vlds  band  filters  whan  aati  am  supprsasloo  nf 
tpui-loua  nodes  la  necessary  to  obtdn  tha  r»- 
qulrvd  pMs  band. 

Tha  sSrows  am  way  shows  that,  artlrulatad  by 
tha  requlrcoenta  of  tha  user,  a  rery  aotlra 
Research  and  Damlopaiont  progrtn  la  bslng  par 
ouad  In  tha  quarts  cryatal  field. 
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1^  Mr.  C.  M.  BiUmi,  Uhlto  tmlm  KlMLlla  MiMfr,  Muda* 


Than*  la  coaalaaraUa  aaaeaim  akoat  aHaJaril  • 
iMtea  eC  aeaaarcaenta.  A  volt  aMauroa  la  Via 
rnaetaoo  aat  kava  tka  aaat  alactio  aotlva 
fena  aa  a  volt  ■iaauio4  la  Lcaana.  Aa  aka 
aiaaaroA  la  lav  XoiA  anat  bava  tha  aaaa  raalaA- 
aaet  aa  aa  oka  aaaauiva  la  Parla.  laaa  aova 
lacortaat,  a  foaMad  gilltara  al valla  a/alva 
tavtad  at  Mialilactoa  aval  kava  tka  aaat  affoa- 
tlvcaaaa  aa  a  ataadaid  coaaad  galAanra  alaallB 
ajrataa. 

Thla  pavar  Acala  vlU  a  tarhniaaa  far  tha 
vtacalanlliatlao  or  cerviflcatloa  of  coaMal 
piloanra  ^uUa  ayateaa.  To  c<rtlf>  a  realatOM 
•  vtandaid  af  eoq^artaoa  aoat  ba  aval  labia-  la 
tha  caao  of  Uia  nvlttor,  tha  ataadard  of  eo»* 
partaoa  maj  be  a  rcvtvtor  certified  bjr  tha 
latlaoal  Barvaa  of  S*<aadar<la.  ta  tha  caaa  <at  a 
Oildad  alvalla  ajatea,  a  aora  eoaplex  ataadaid 
la  requited.  It  la  difficult  to  aova  a  gilded 
alialla  ajntea  froa  locatloa  to  locatloa  to 
aarva  aa  a  ataadard.  ttiarefora.  It  la  propoaad 
to  record  oa  aagietle  tape  tha  perforaaBce  aad 
uaa  bhla  tteoided  perfiiiMai  ■  aa  a  ataadaid  at 
coigarlaoa. 


Tbla  unald  ba  dooa  aa  follxMi  (Plgira  1) 

(1)  Aaiaith,  elcvstloa  aod  taagt  oo> 
ordlaatca  of  tba  alealla  radar  aad 
tartat  radar  vould  ba  rcoorded  for 
typical  flrlac  eaoqpaacata.  CoMoada 
aad  eertado  otbar  partlnast  data 
aaeb  aa  coded  tlaa  woold  ba  retordad 
vllh  the  radar  co-ordlnataa. 

(2)  Hu  ladar  co^ordlaatao  voolA  bo  later 
played  back,  coogared  with  tba 
oarteapoodlop  real>tlai  radar  co- 
o.dlBataa,  tbt  dlfferaocea  brtoaea 
raeerdad  co-ordlaatca  aod  radar  c«* 
ortlaatea  opaiated  igoa  aa  aa  ta 
alailata  tba  radar  aateoaaa  aad  Pf 
aactloaa  aod  Uaeaa  errai  alffMla 
laaarted  lata  tba  gildaaca  radara. 

(2)  Vltb  tba  redara  trarllac  tba  rv corded 
alaalle  aod  taripat  tra^torlaa, 
rnaaarila  aod  other  data  freo  tha 
altalla  guldaiwi  uouLd  ba  coapared  vtth 
tbt  recorded  data.  At  aoy  (Ivea  ttae 
darlas  tba  einagrtaint,  the  data  tboold 
acigara  vlthla  certala  toleraaoea. 

A  slwa  nrlad  oparatloo  cca  ba  aecurateljr 
repeated  aeiy  tlaaa  to  allow  for  atatlatlcal 
aoaljrala  of  the  perrotaaaca.  Tbla  tecbolqua 
aakaa  poaalbla  tba  foUovli^  taatai 

(1)  A  coaaiaaM  giiidaare  ayateu  la  any  part 
of  tba  couitiy  caa  ba  accurately 
crapared  vltb  a  ataodard  eoaaaad 
giManre  ayatea  la  aqy  otbar  part  af 
tba  loaatiy. 


(2)  Nalfraetlooa  caa  ba  dataralnad  hp 
rapaatlap  tba  aaaet  noadltloaa 
causlM  tba  aalfuaetloea. 

(3)  repaatlap  aaeuratcly  a  partlaa 
lar  oparatloa,  tba  airct  affect  of 
adduatocota  to  a  eoHowd  gal  daoia 
ayutaa  caa  ba  dataialaed. 

Cb)  A  teat  flrlag  caa  bo  rapaatoA  aap 
Boabar  of  tlwaa  for  atatlatleal 
aaaljala  ublla  aapaadleg  aaXf  out 
Paella. 

Helper  lec..  of  UatwrtovM,  Maaaacbuaatta, 
wnrbl^  am  a  contract  laidar  tba  cootrol  of 
Pi^tfiiid  Araaaal,  baa  davalopad  e.  dyaaaiw 
teeter  for  taatlog  (uldad  alaatla  ayataaa. 
Tbla  dynaatc  taoter  la  daatgMd  to  rapaaA 
radar  aalaatb,  alavatloa  and  rangt  poaltlooa 
with  raapect  to  tlaa  to  an  accuracy  of  1  part 
la  6h/lOO,  coagara  tbaaa  with  corretpondlag 
abafta  oa  tba  radar,  operate  oa  the  above 
dlffenraee  ao  aa  to  alMilate  tba  aotaaaaf 
laarrt  tba  slaulated  airor  Into  tba  IT  a^ll  ■ 
flera  aad  cauaa  tba  radar  to  tracA  tba 


Tba  pregiaa  atoraga  davlca  la  aa  iMpea 
PI  Ub  aagBetlc  tape  ear  hi  do.  Tba  radar 
CO  ordlaatea  la  teraa  of  aalautb,  elevation 
aad  raaga  aru  recorded  aa  pbaaa  racorda  on 
tba  aagartic  tape.  That  la,  tba  Mre  eroaa- 
avera  of  two  kOO  cyclaa  par  aecood  atgMtla  an 
recorded  oo  adJaeaDt  cbaooala  of  tba  tape  to 
repraecat  aacb  of  tba  eo-ordlaatea.  Tba  pbaaa 
relatloaablp  betveea  tba  recordlag  oa  tvo 
cbaanls  repreaeot  a  coordinate  of  tba  propns 
with  raapect  to  line.  The  pbaae  relatlooaUp 
at  the  atgiolo  oo  one  pair  of  cbannla  rapra- 
aeata  radar  raaga,  a  aecood  pair  repreacato 
radar  aalaattb  and  a  third  pair  rap.'aaeoto 
radar  clavatloa.  Tbaaa  air  ctaaonala  can  ba 
rvilnul  to  four  chaanala  by  letting  Uac  kOO 
cycle  per  aecood  reference  algml  repraaeat 
aaa  at  each  of  tba  palra.  Povevar  becauae  of 
tape  errora,  the  pairs  sbould  ha  adjacaat  for 
aamt^m  accuracy. 


Plgara  1  is  a  genrral  block  dlagrau  of  tba 
syatem.  Since  each  co-onllnato  la  Idutlcal 
dowa  to  the  filial  atagea,  a  deacrlptloo  of  tbs 
clcratloa  angle  co-ordinate  should  aufflea.  Onn 
pair  of  koo  cycle  per  aecood  elgoala  rtpreaenV 
tag  tba  elevattoo  angle  coordinate  la  played 
bait.  One  algial  (icferred  to  as  tba  data 
slnnl)  procecOt  through  aavUflera  to  a  pfana 
deteetop.  Tha  second  kOO  cycle  per  aecood 
elganl  (referred  to  as  tha  rafarenea  tlganl)  Id 
lefaaiaLd  Into  a  good  sine  vava,  pbaaa  rototad 
by  a  resolver  aod  than  directed  to  the  sane 
pbaaa  detector.  The  phase  detector  develops  a 
SC  olgMj.  proportional  to  tba  phase  dlffarcoco 
vltb  tba  dlCfarence  being  plus  or  sinus  scooid- 
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«»  vtotbar  «h>  r»f«riiie«  •!•■•.  laada  «r 
i^i  tto  ■leiat  •Iffwl.  Tbta  DC  al^aA  la 
chovfti  hr  a  boo  cjcla  ehorpar  aivUIlar  mt 
aaad  ta  drlra  a  a*rvo  aotor.  1W  laaalaar 
aaad  ta  pbaaa  latata  fcba  rafazaaea  alval  la 
drlvaa  tgr  aaiaa  aotor.  Tha  aaa  afTaat 
la  that  Ua  ahatt  of  tte  raaolaar  rtfiali 
n  bMliallj  tba  alatraliaa  co~0(dlaB*a  factnlad 
oa  tha  aagaaUf  ta^a.  k  aaeoai  aack  aaraa 
rapeaU  tha  aataath  ceHHdlMBta  and  a  tMxd 
aaraa  rapaati  tha  xaafli  co-ardlaata. 

Tha  raaolaar  ahafts  ara  aaihad  aa  halac 
Saaiad  ap  hr  16>  tlaaai  boaaaar,  tha  aadla 
dapaate  oo  boa  tha  ahaft  la  rna^rad  alth  tha 
eerrcapoadlac  radar  abaft.  la  tha  oaa  at  tha 
■lha  Srttcair  this  aould  actuaUr  ha  2j0  tlasa. 

Bach  aarao  ahaft  la  coaparad  alth  tha  aarraa- 
radar  ee-ordlaata  thnuhh  a  ayathra 
control  traaafar^.'  vhlch  la  prarad  daaa  hr  a 
factor  of  10  ftoa  the  rcaolvar  ahaft.  tha 
output  of  the  arachro  cootrol  traaslheaer  haa 
a  aa^ltuda  praportlaoal  to  the  dlffataaca 
or  enrar  hataatn  tha  radar  co.otdtaata  aad  tha 
drnaalc  tratar  co-ordlaata  aad  a  (haaa  accord* 
li>2  to  the  direction  of  the  error,  these 
errora  ara  coaaertni  lata  DC  arrora  ahleh  ora 
plua  or  aloua  accordlac  to  tha  dlractlan  at 
the  errora. 

thcae  arrora  In  aalaut^  aleeatlaa  aad 
ranpr  ara  taea  haarllad  dlf  faraatlr  accordlac 
to  thr  tjrpa  of  radar  laroleed.  for  a  aoan 
pulaa  afatea.  a  arikchraalxtac  polac  fra  the 
radar  (aoaettnea  caUad  the  aatlclpatlen 
pulse}  la  dclarcd  a  flsed  period  of  tlaa  plus 
or  olsua  a  period  ahleh  la  proportional  ta 
the  aataltude  of  DC  raapa  errora.  TUa  da* 
lapad  pulse  thea  turas  on  aa  oacUlaaar  for 
the  duratloo  of  the  pulse.  The  oaclUator  ta 
tuned  to  the  dealred  radar  lateraadlati  fia* 
^ueaep.  The  V  pulac  la  attrnaatad  accordlac 
to  rtag*  and  cent  to  tha  radar  raaco  IF  anplt* 
flar.  The  IF  pulse  Is  also  acat  ta  os  aslaath 
phase  aad  aaplltaic  control  circuit  and  aa 
cleratloa  phase  ead  eaplituda  coatrai  circuit 
so  ae  to  coenart  the  aslauth  aad  eleaatloa  DC 
arrora  Into  IF  polaea  the  radar  atU  flad 
Bomsl.  The  coatrol  trsnsforaera,  error  dr* 
■odulators  aad  phase  and  aaplltade  coatrai 
circuits  alsadatc  the  radar  aateaaa  aad  alcpo* 
uare  plahhloc* 


Macnetlc 

Tape 

Steraci 


»i*atahlo 
Circuit  aad 
FUter 


Chopper 

^  Servo 

Aavllfler 

'  Motor 

Froa  Radar 
Blauattoa 


acratlau 
AC  Rtror 


DC  error  Error  I 
T  Dnodulatorl 


The  spateu  la  deacribed  aad  ihw  la  Fl,pu-c  1 
CLlloito  a  proi(raa  to  ha  repeated  aagr  ai^er  at 
tlaes  with  sear  oa  the  aa^ietlc  tape  WUs  urn 
r\ml  llMltlM  tvertor.  l*rosr«M  fw  iTirraijt 
oo  the  oo^Mtlc  t«pt  can  be  dereiopeA  !■  • 
m^ber  of  thld  poper  is  poritcmlorljr 

cooes roed  wltA  storing  o  pro^rm  tbot  i# 
0pmr%ted  b/  •  ctMiand  suldsnce  s/vbos  <iir1nc 
o  fliiag  opemtloo.  Tb*  pi  ngi  m  reosvdljif 
iDTOlres  tbs  ^janalc  tester  used  In  o  mo4lflm4 
•onner  so  tbst  tbs  tester  servos  milee  tbs 
rsdsr  Instesd  or  tbs  rsder  folloviac 
tester  servos* 


lAxiJMtb 

1  ir 


At. I  Error  ! 
■  ■  I  Dcuodulator* 


DC  to  IF 
OORVOtm 


Raafle  Error 
-  Deaodwlatoj 


'i± 


I  Anaui«4, 

teiT- 


dipped,  dir  ■ 

/TfraUpwi 


I  *oo  ^ 

lOcdLUPtor 


lha  naer—  daurlM  afeowt  la  tauertaa 
oa  BBfftrtia  kapa  la  awalat  fora  aa  phaaa  ao*- 
parlaea  af  kOO  cpcLa  par  neonf  tafaiaaai  mtt 
pkaaa  ahlftaa  al^iala.  la  ttaa  coaa  of  a  nfea 

■trcaUa,  a  coi^laU  pMaa  ePane*  of  3^0 
enaa  aeald  raprasaat  a  radar  ran^a  ctaao^B  of 
200  parat  or  ao  ailaitk  or  alavatloa  rliaaaa 
of  2^.4  adla.  It  eaa  ba  aaaa  tPab  If  arrora 
la  tPa  apatra  wtian  raferrad  to  tha  pro«raa 
raiaaolag  an  lata  tiiaa  I  f,  tba  procraa 
lafarrad  ta  Uia  radar  aouU  ba  accttrata  to 
2  parOi  ar  0.2Si6  alia  or  If  tba  accuraep  Mara 
0.)4>  tba  pracrao  Rfarrad  to  tba  radar  aoald 
ba  aocarata  to  1  yard  or  0.126  alia.  Tba 
eb>at  of  Uila  taat  ayataa  la  to  kaap  arrora 
to  laaa  tfeaa  plua  or  aloua  1  part  la  200  aa 
rafarrad  to  tba  atorad  procrra  oo  tba  aagaiTli 


Tbla  pre^Ro  would  ba  atorad  ' 
a  fBlIoaa;  (Pl»ira  2) 


tha  tapa 


fXy 


(1)  Iba  Ibraa  pbaaa  aoltapaa  (Si,  Sp, 
S})  froo  tba  ayoebro  Iraaaalttan 
oa  iba  12}  axloutb  aad  alaratlaa 
akafta  and  tba  2,000  yard  abafta 
ara  put  tbrougb  buffar  aa^lflara 
Into  ayoebro  eootrol  irviafaraara 
ea  tba  abaft#  aarhad  *U6*  la  tba 
aarre  ayataa  of  tba  tastar.  Tba 
abaft  ratio  dlffaraoca  will  not 
sraatly  aattar  a}aea  tba  Z1  abaft 
of  tbr  tcatar  la  not  uatd  racapt 
for  vUuai  idout.  Tba  raadoui 
woald  oi  wv  .-3'  '*  Id  arror  by  tba 
factor  el 
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Idoiiiiricr 


Sanro  L  ( 
Hotor  r  'j 


Error 

OcaoduLat 


(2)  Tt«  output  or  toe  control  troM- 
I'oraera  go  through  buffer  a^ll. 
fieri  to  Uia  phaaa  daVecVora 
wbteb  ara  la  tba  aotaiaia  aUa)> 
latlcn  uDit.  Tba  aoraal  ua«  of 
tbla  uott  la  to  coorart  theaa 
arrora  batwaca  tba  morded  pro* 
grm  aad  radar  lato  arrora  that 
art  radarataadabla  to  tba  radar 
and  laaart  tbca  lato  tba  froot  of 
tba  radar  IP  ii^iricra.  la  tbla 
aa#  of  tba  antcaoa  alaulattoe,  tbe 
arrora  ara  uaad  to  drlva  tba  aarroe 
la  tba  taatcr.  Ooly  tba  phaaa 
datactora  ara  aacd,  vblcb  eoDrart 
boo  epa  arrora  to  plua  or  alnaa  tC 
arrora. 


Error  I 
Bodulator  I 


(3)  tha  act  raault  la  that  tba  aarvoa 
la  the  taatcr  track  tba  aalatth, 
alarstloo  and  range  charts  of  tba 
ladair.  botaa  which  appaart  oo  tba 
radar  abafta  will  also  appear  oa 
tba  taatcr  oarvo  abafta.  Tha 
tcatar  aareo  reapooaa  ahould  ba 
Bdc<iuata  to  aalntala  aa  accuracy 
of  1  part  la  2^60  batwaan  tba  X23 
and  2,000  yard  shaft*  and  the  corras- 
poodl^  tcatar  aarvo  abaft  aarkad 

mb*. 


f%)  Tks  molwr  la  tht  toatar  wrao 
la  not  vart  of  Uk  aarvo  a/ataai 
aa  aaacrlbad  atiota  but  la  ^art  mt 
tha  taatar  aarra  dartas  blybaab 
ovaratlon.  A  rtfarcnea  MO  eyoba 
par  aacoot  ala*  aava  la  pat  Into 
tba  raaolvar  drivar  and  alaa  aa^ll- 
flad,  clipped  and  dllTarcattatad 
and  record^  on  msMtlc  tapa.  Aa 
pbaaa  ahlftad  MO  c]rcla  per  aacnnd 
output  or  tba  reaolrar  la  alao 
aapliriad,  clipped  aatl  dirfetaatlaiad 
aad  rtcordad  oo  la  adjnraat  cbaonal 
of  aa0iatlc  tape.  Ttaa  pbaaa 
ralattociahlp  betwaan  tba  al^ala  aa 
tba  two  ehanaala  of  tapa  would  ha 
dlrtctlp  ralatad  to  tba  aalaitb, 
claiMlon  or  raapr  of  tba  radar.  A 
360  degrwa  ehanpc  la  pbaac  ralatlon* 
ahlp  would  raprcacat  n  2^.6  all 
ebanpr  la  aalautb  or  alavatloa  or  a 
200  pud  eboapi  la  mner. 

ftr  teat  of  tba  abort  prseadurc,  the  apacbio 
(aetod  aa  radar  aerro)  would  be  aounted  oo  tbe 
abaft  narked  ‘Xlb*  oa  a  aecatkd  teeter  aarwo 
abdeh  vlU  be  refarred  to  an  the  eontrol  aervo. 
Tkda  aarwo  would  be  aet  to  be  poalttooed 
nuanllp.  Aoother  aerro,  which  wUl  be  referred 
ta  aa  tba  repeater  aervo,  ere.id  be  aet  for 
aa^nl  opcratleo  and  allffted.  The  loop  of  tbe 
irpinter  aerto  would  then  be  opened  bp  opeala( 
tki  OTltcb  at  tba  output  of  tha  aerro  pre* 
o^dlflar.  *  eurra  would  be  run,  plotting 
aetam  adla  error  a^daat  the  voltapt  at  the 

at  tht  aerro  pra-evlirier.  The  repraur 
aerro  ta  aeict  raeoopected  aa  deacrlbcd  ahor*  ao 
that  tha  spnebro  control  traciafomrr  InataM  of 
the  raaolrer  It  la  the  aerro  loop.  Tbe  rolta^; 
laral  ot  the  output  of  the  oarro  pea-eirplirier 
la  thra  adjurtad  to  acteh  the  flrat  curva  bp  ad* 
>iatlBK  the  leral  of  the  error  detector  output. 

After  ce^pdattac  the  bboro  checkoet,  the  rc* 
pretrr  mam  rill  folloe  tha  poaltloo  of  tba 
catral  sarvo,  A  curra  eboold  Una  ba  ram  to 
rerUJr  tbla  aad  mnj  arrora  noted.  Tha  loop  of 
tbe  control  eervo  cao  aov  ba  cloaad  and  oon- 
tioUad  bp  a  progran  eo  wyiatlc  tope  or  bp  a 
ftrlon  mnerator.  Tba  output  of  tba  pbane 
Artcctoea  la  both  oarroa  ehould  ba  then 
lacoeded  Co  tbe  arror  recorder  ta  ordar  ta 
datexndaa  tha  aarro  arrora. 


ta  t antral  chart  ensl*  dldtUeero  an  that  abaft 
angle  tahaiatlaoa  eorraapond  to  the  corraat 
tine.  TWa  atona  that  aaeh  tlaa  a  aertnlr 
rreerdrl  ptogion  la  plapad  baefc  tha  aetowdh, 
alirotben  and  ran  pa  tahulatlena  nro  nle^pa  tha 
mma  tar  •  cartaU  Una  tMolatlan, 


Tta  dl^Usara  U  tha  eaae  mt  tha  Hha 
■arealan  ora  on  the  2)6  nil  aalorth  and 
nlawnllM  ahnfta  nU  oa  the  2000  peed  range 
ahafu  naca  tha  dlglttstr  hraaka  36o  dnyiia 
ad  tha  ohMt  aagU  lata  MOO  pnrta,  6100  alld 
far  ailiadb  or  alaratloa  la  Irohan  dean  lata 
0.061  all  laeiunaeta  and  i^e  la  liidiin  dona 
lata  o.)  pari  laarenenta. 


A  direct  erltlat  recorder  with  the  fclpar 
taatar  la  daal^ttd  to  roooid  tha  oenad 
gaidanoa  Uaalla  apaton  lerfiidaaee  lain. 

Tha  taatar  aa  doalinad  bp  Helpar  taa.  with 
acne  ta  lantlag  of  eldanla  biienea  *  dawlea  ta 
repeat  ap  ta  6  abaft  poaitleaa  trvm  2  gddaaao 
redan  ta  oa  aecuroep  of  1  port  In  61,000.  Tha 
MO  epa  aaltagaa  to  tha  6  naolran  m  tha 
taatar  ahafta  an  recorded  on  wigiatla  taga 
along  with  tha  MO  epa  roltagea  at  tha  ontput 
at  tha  naalrcn.  for  optima  acnaegp  at  taga 
chaanela.  tha  aanc  MO  epa  tlgml  can  hn  anat 
to  aneh  rnaalrar.  Thla  will  nllew  )  nfarwnM 
ehanaala  nd  6  al^al  ehanaala  to  rapraaint 
6  ahnft  poiltlooa  with  napaet  w  tlaa  for  a 
total  of  9  nagittlr  tapa  cbonnala.  Thla 
laerres  an  chmnal  for  a  Un  coda  nU  1 
ehnanala  far  other  data  aneb  m  aonanda. 

Vlaaal  data  redulreaentc  can  be  on  tba  dlraet 
wrlUag  rccarder  wblch  la  part  of  tha  taatar. 

Onca  raenad  the  nigMUe  tapa  ncoed  and 
wtaoal  reneed  can  be  aeat  to  aeg  like  oonnand 
guidance  adealia  apaten  and  a  direct  eoBfeulaeo 
node.  Thla  la  annlogiMa  to  oparatlag  tee 
apatrna,  anh  aa  two  Ilka  itreuiaa  apwtena,  alia 
bp  aide  tnckli«  tha  aane  target  and  tha  oona 
Maatia  and  dmlopdag  two  aata  ot  eamimda, 
ana  aat  aC  ennaoda,  eanaiada  tha  Uaalla  and 
the  othar  aat  ta  oovnrad  ta  It. 


Tha  gnulUn  that  ahould  aew  ba  aahad  tai 
Vbp  la  It  aeacaaorp  or  ligortaat  t«  cartlfp  tha 
aocuncp  ef  tba  conanod  guldaoea  apvtaaf  The 
test  ognl^eat,  whleb  la  part  of  naat  eemmaat 
gnldna  igatane,  la  iptlta  adegunta  for  nemal 


Aaai^ag  that  all  airsn  are  lor  or  lasa  than 
1  pert  la  2)60  at  tba  epachro,  tbe  aarroa  an 
ace  iwadp  ta  ba  eontroLLed  bp  tea  radon  or  ba 
central  tbe  redan  aa  le  deal  rad.  Sla  radar 
abefi  poaltlons  ean  ba  recorded  cod  npaated  to 
the  ahoea  aceuraep.  Tba  progran  recorded  can 
alen  ha  tabulated  wltb  tlaa  at  a  nia  of  )/aae 
ta  uadar  to  drternloa  the  progran  to  wltbla  1 
part  la  6^,000  aa  rafemd  to  afaaclata  apace 
poalUoa. 


non  aaaonenca  of  tba  apatan  accurenp  than  can 
ha  pinildad  bgr  tha  oornnl  ebretout  or  taat 
aqnlpncBt.  la  mat  hare  a  eouatar-ebarh  or  a 
enaaa  mt  aaarltag  In  ao  araluntton  craw  with 
apacledi  emljnent  to  ccrtlfp  that  tha  eoannad 
guldonea  egetan  le  ee^letelp  read/  and  t« 
atandnrd.  Thn  eartlfleatlea  mat  ba  dena 
rapddlp,  acanratalp  cod  without  ahnt  dean  or 
dc.neUraUm  of  Un  cmmiid  guldaaea  mjmtam. 
Tbe  dpnaadc  taat  proccduiaa  aa  daeerlbad  aboea 
arm  pe'npnaiid  for  thla  purpoaa. 


A  Una  code  reader  le  uacd  to  read  a  blnacp 
cade  froB  U>r  aafpictlc  tape  record  end  prorlde 
the  Um  to  control  a  prljitar  and  a  Una  pulea 


SYSTEM  EVALUATION  OF  LOW'NOH  EAXME  SENSmVITT 
By:  S.  Ckana««adO.  V«kV|» 


nmooucnoN 

Rad^  lyteia  tcMltMqr  !•  detennlaed  'tagr  tb*  totri 
nolM  la  i>M  rccclvlag  portiaa.  lacludlas  odIm  of  bo* 
tatcnial  aad  eiicrnal  orlfla.  Uiall  lalrty  recently. 
radar  recetvei  nolae  level  «ru  uaually  aa  mucli  higher 
tbea  the  level  of  natural  eittemal  aotac,  tha*.  the  aa- 
etronmental  nolae  level  waa  of  aeoondaTy  algnlfUanoe 
(barring  IntenUonal  and  uointentiofial  man-made  hde^ 
fereoce).  Hoarever,  recent  teducUoaa  la  receiver 
noise  level  by  variable  reacunce  anpllfiera,  ■"««*«», 
etc.  have  resulted  la  extemallyorlgliuilag  and  la- 
temally-orlgliutlBg  nolae  levela  of  ilic  same  order  at 
migninide.  Thus,  a  careful  evaluacloa  of  the  exremdl 
nolae  environment  must  be  made  la  order  to  determiac 
system  senslUvl^. 
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The  aetae  iivai.  N,,.  U  Just  the  Jehneen  aolar  geaar- 

aaad  isAeMgaf  rcalataace. 
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k  ■  tain  III  Ilia  constant 
Tg-  raderence  temperature  ■  290^  Kehrta 
B  •  Bansducer  taei^ldth  over  wfalcb  the  nolae 
E0tic  aad  gala  caa  Le  considered  consaaS. 


The  external  Mlae  arlaing  from  tucb  sources  as  aa- 
mospherlc  oxygen  and  water  vapor,  the  galaxy,  radin 
start,  etc.  can  be  readily  estimated  based  on  tnee- 
suremenu  made  la  the  fields  of  raUo  astronomy  mat 
propagation.  (For  examples,  see  references  1.  2. 
and  4).  Warm  earth  radiation  reaches  the  antenna 
from  the  sidelubea  and  aplllovui  .  and  at  tlir...s  even 
through  the  ^.rloclpal  beam.  If  ccruln  assumptions 
concerning  terrain,  antenna  panem,  ground  cover, 
etc.  are  made,  earth  noise  esn  be  esilmated.  How 
ever,  little  experimental  data  had  been  presented  to 
Justify  these  eatlntttea.  Therofore,  It  arts  decided  m 
malte  experimental  measurements  on  representative 
antennas  and  sites  la  order  to  check  the  validity  ol  dae 
theoretical  escLmatea. 

Accordlogly.  antenna  oolse  temperature  meiaurr' 
ments  were  made  for  varloua  pointing  angles  on  tXMll 
aa  SS'foot  and  60-foot  diameter  parabolic  UHP  re¬ 
flector  and  feed  system,  at  two  different  locations. 
Meaaurenieni  rcsutis  were  In  auhsuntial  agreemeid 
niih  predicted  renulia.  It  thue  appears  that  it  la  pon 
slble  to  rapidly  eaUmate  the  antenna  nolae  tempera' 
ture  and  hence  ayslcm  aetulUvlty,  with  an  accuracy 
aulubte  for  most  system  consMcratlono. 

NOBB  TEMPERATURE  TF.RU  UNOUXTY 


If  N|  -  aoine  geacrated  wlthla  the  naasducar  hscif. 
(hen 

*^^ukTgB0i4N, 
where  Cg  •  the  gain  of  the  tranaducar 

V  T|  la  die  Semperaturc  of  a  fVtUuace  at  the  ampit' 
fler  lignd  nhirh  generates  an  amount  of  Johnson  ndae 
ftmrer  ngdsilt  nl  to  the  amplifier  output  noloc  caused 
bf  the  aasgllAer  alone,  then 

l(^-k  TeBCj+ k  TjBCi  (3) 

sufastlhMbsg  (2)  aad  (3)  Into  (1) 

a  fcTpBCl^fcTiBCi  TpVTi 
‘"C,  kToB  “  Tp 

Tberefmv  dbr  aolsc  temperature  of  the  transducer  la 

T,-(F,-1)To  (4) 

A  cotayltaa  theoretical  analysis  caa  be  ofaialaed  froaa 
refereaeaB. 

Carrykig  aaa  the  same  vuersdsn  lor  Bwre  iLas  oaa 
stags  la  raarsde  yields: 


ft  has  become  common  practice  to  express  noise  gea- 
crated  In  a  circuit  and  the  nolae  figure  of  a  device  hs 
terms  of  oolac  temperature  In  degrees  Kelvin.  The 
idvsntage  of  using  the  noise  temperature  nomends- 
ture  la  two-fold.  First,  consistent  units  caa  be  used 
for  cotnpaiiog  antenna  noise  with  other  noise  geaer- 
sted  In  a  radar  system .  Secondly,  the  overall  radar 
sensitivity  can  be  conveniently  obtained,  taking  lata 
account  anienoa  oolse  coatrlbuUooa. 

The  noise  figure  of  a  two  port  transducer  (see  Ff^e 
1)  is  expressed  as: 
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whcia'*';.  T'y.  T3.....Ti^  and  r,^,  C^.  C3 - C,  aiw 

*<  OBla-  w  vpu  stur-  rnd  gslr  rcsuectivel)  o'  a'agea 
1.  2.  3..  ..  .  a'r.  the  raxcade  n.t». xrk. 
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flgnc  •<  Hw  rmtt&i  BMWWffc  rwpftitijy. 

ConUer  te  eaa*  e(  a  loeay  traaawilaalna  Uaa  at 
aetapciaatfa  Tp.  wUh  tn  lapol  aoiae  at  a  tanperatura 
TA<iillex1a(  bom  Tg.  (Sea  Fl^no  10  Tba  foUovtag 
ana'aaalea  givea  dw  ellKtlaa  aaqaa  aolaa  nmperatuia 

burn  aacb  a  aatamxfc. 


To  +  CL-OTp 

E 


(«) 


'(W  adUiy  at  tuch  aa  expreasWat  la  aaaa  whea  tt  la 
nallaad  bai  Ta  la  any  laput  aolaa  taraperaturc  ID  lha 
loaay  network,  and  a«  auch  could  be  an  tntetma  aolaa 
teDpexanixe.  Ualaf  equaboa  6,  aa  effective  laput 
noise  teaaperaairc  to  a  radar  receiver,  which  accouata 
(or  ihe  tranamlasUMi  line  loaaes,  cao  he  found.  A 
ayateai  aoiae  lemperaiuic  caa  be  dellned  aa  the  phys- 
4cal  teaoperature  of  a  realitor,  which  whea  placed  di¬ 
rectly  acroat  the  Input  termiatla  of  a  aoiae  bee  re- 
cciver.  would  generate  the  aame  amount  of  nolae  at  lha 
xecelver  output  aa  the  actual  ayatem  gencraiea .  Com- 
Mning  equadona  S  and  6,  a  fystem  oolae  temperature 
cna  BOW  be  otaauied.  (Sec  FIfuio  3) 


■aysaea' 


Tp<I-0 


>Tb 
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where  T|t  •  nolae  temperamre  at  receiver  *  T^aacade 
o((S) 


Ualnf  ayateoi  nolae  temperature  aomcnclaCure,  a  hS" 
tree  ol  merit  for  the  radar.  (Ta)-  where  ihe  rcUtive 
contTlbuiloa  of  each  ayatem  ccanpouent  can  be  readily 
dedured.  la  obtained. 


SYSTEA.  NOSE  TEhJERATUM 


A.  Aaxnna  Nolae  Temperature 


amount  adlebnaen  nol—  power  genaratad  by  Ifca  awaan- 
aa  radlathm  tcnlatancc  at  ikda  phyalcal  Mnpexaacxo. 

Thla  received  nclac  power  nay  eone  bom  ana^ 
aourcca.  moat  o<  which  axe  Indnded  la  the  (nUnaiat 
Um. 

t.  Oalactlc  background  ladiaclaa: 

2.  Badlatna  bon  the  aartii  laaa  dan  aatema  aMn 
leben; 

S.  iUdlatlon  bom  the  raa,  noon,  and  pUiwaa; 

4.  Radio  atar  aolaa; 

5.  Atmoapherlc  oxygea  aad  a  alar  vapor; 

A.  Indliect  or  reflected  radladoe  Cmm  the  c^ewa 
nourcea .  auch  aa  rnnoaphertc  acaueilag  wf 
warm  earth  radlntioa. 

The  relative  amounta  concrltuicai  n  die  toul  anuana 
tampertiure  by  the  individual  aourcca  I  laird  above  will 
depend  upon  dm  anteiuia  pattern,  the  potadng  dltectliaa 
of  the  antenna,  and  the  bequeacy  ol  operstiOB. 

B.  TranamlaalOB  Line  l.cmran 

For  hish-power.  large-aperture,  nrwvdianical  tracking 
radar  ayatema  there  usually  are  tranai.tlaaloa  touace 
befweeo  d<e  aninma  ami  the  firat  aaapllAccrton  ats^!  of 
the  receiver .  The  main  traasoiistloa  loasce  ocoa  tn 
the  tranamlatlon  line  Itaelf.  il«  rotary  toluta.  the  dn- 
plexer,  aod  any  couplera  or  monlOMring  deviran  added 
before  the  receiver,  la  a  typical  ayatem,  dm  Iraaia- 
mlaaioa  l>ne  looa  could  be  1/4  db,  die  rotary,  Jolni 
loan  l/i  db.  and  the  duplexer  losa  V4  i&i,  gtvlnf  a 
ictil  transmlaalon  loaa  ol  1  3/4  db.  Figure  4  tfcnwa 
the  effective  antenna  lenipcraeure  acca  by  die  receiver 
aa  a  fuDcoen  of  Iota  betweca  antenna  nd  receiver. 
T'eU  **  Civea  bf  equatloa  A.  For  tnatanec.  li  Ta  were 
lCX)o  K,  and  diere  waa  a  2-db  line  hwa,  the  racalwar 
would  aec  ITOF  K .  It  T;^  were  K .  and  there  waa  a 
2-db  line  lone,  die  receiver  would  ace  loa^K. 


upon  cloacr  examination  of  the  oolie-conblbuilng 
cooiponenta  In  a  radar  ayaieni.  It  ta  aeen  that  a  more 
detailed  deacription  of  antenna  nolae  temperature  la 
required.  Antenna  nolae  temperature  la  (he  tempera- 
tan  at  which  die  equivalent  antemta  radiation  Impe¬ 
dance  BmM  be  maintained  m  generate  an  amount  of 
lohnaOB  aoiae  eq  at  to  the  calae  power  teccived  by  the 
antenna  bom  ita  external  aurrotavdh.^.  AnChtna 
temperature  then  givea  a  meaaure  o(  Uie  amount  of 
aoiae  power  recelveu  with  the  algral,  and  aa  auch  be- 
comea  a  fundamcntel  tmalllvliy  llinliailon  on  any  radtr 
mill.  Aatcima  nolae  Icmpcraiurc  dependa  upca  the  dl- 
reclion  at  antenna  pointing,  and  die  ob)ecla  or  environs 
that  an  present  in  the  actual  aatcrsw  pattern  path. 

This  nolae  can  originate  from  the  black-body  radliUou 
of  objects,  or  bom  other  nolae- generatinf.  (Toceaaea. 
The  magnitude  of  the  hiack-body  raduilon  Is  given  by 
the  Raylelgh-]eana  low  and  depends  upon  the  abaorptlox 
cocfbcimi  and  temperature  of  the  body  In  question. 

The  aateniu  noise  temperatuie  then  la  actually  a  rays’ 
rcacasalioa  ol  rurelvto  at  :*e  power  by  an  equlvalcat 


C.  Typical  Receiver  Noise  Tewipcriturad 

The  receiver  nulae  tempcrituxen  Id  be  expected  la  Aa 
UllP  region  of  Intereat  dependo  oo  the  type  of  broal-nail 
amplifier  used.  A  convenUoual  UHP  tube  aucb  aa  dw 
416-B  can  he  expected  to  give  a  aoiae  figure  of  approx¬ 
imately  S  db  or  630**  K  nolae  temperature.  Uakig  a 
pat  .^metric  amplifier,  a  aoiae  figure  of  1  db  n  a  aoiae 
temperature  of  73°  K  could  be  anabwd.  htoet  other 
devices  such  aa  crystal  rolxera  would  result  la  a  Ugher 
nolae  lemperabitc  ihsii  that  of  LillF  trlodes.  !•  cm  ba 
aeen  that  widi  the  use  of  a  parametric  ampilfier.  di* 
ante.-kia  noise  temperature  becomes  very  algnlflcaaa  la 
any  ayatem  evaiuatioa.  because  ibe  aatenaa  wolce  tea>- 
pcraiurc  becomes  compsitiMe  la  raagnjnide  a  receiver 
aoUe  icmperalurs. 

ANTENNA  NOISE  TEKJT.RATURE  hiEASUFBhBfTS 

A  large  amount  of  data  have  been  coinpilnd  by  radio 
aauonomers  coocernlng  aky  lemperaturra  and  radto- 
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aipacM  co  iv>liUinu«  antetint  bacUotw  and  atdr* 

tabe  rtboa.  The  actual  ueiae  (emperaoire  of  a  radar 
iMMaBB.  camlderloj  afalelotiea  and  aplilovrr,  tnuat  be 
indteMdan  the  beala  of  (ke  parttcalar  aotenca  coa- 
fll^aauaad  fcufirapiiical  lecadoa.  Uaiqr  arClclee 
Im«ic  baoB  ladriUhed  oe  methoda  of  conputlns  antenna 
•caifeMaaea.  but  few  exfmUnenlal  data  are  aTatlafak 
an  aerify  fbe  cc«n|NiuU0Bal  mediadn  at  the  teetpxncy  of 
Inai  rf»  Tbercfore,  uieaBumneata  were  made  on  tea 
barje  o^taaaare  aoteaoaa  to  verify  expected  aatenpr 
•eiadeuMaca .  The  Ur»t  act  of  data  waa  taken  on  the 
taiUaaaae  HUI  uackin;;  radav  operat/d  by  Lincoln  Lab- 
ormnctcn.  The  necood  aet  of  fne>.r>.reineiua  wae  mode 
M  a  Jarfard  Reaearcb  Inatioite  radar  locatevt  In  Pair- 
»*»■*>",  **— V* .  Kerults  of  ihcae  (ikUiauremL-ma  .m 
fwennad  la  the  followiaj  'M.i  aijrjpha. 

A.  Anaann  Trmprramre  Incacircmeata  at 
IlMdaiine  HUI 


A  riflaniaiir  bjlli  liy  Airborne  Insrtuinente  Labora- 
tortca  atac  uaed  <0  make  tncar  jremeou  of  anccnnr 
tetapeaaaa*  vcraua  antenna  azimuth  and  clevarlun. 

The  radfeMBeter  w?i  a  awnchcd,  ac If- balancing  type 
which  pi— all  d  a  L0'.nin-jaua  recorded  outyut  of  the 
nolae  a— ipna.ure  at  Its  Input  tcrmlnalv.  The  radio- 
meaer  ncatc  waa  calibrated  at  five  dlffeteni  tempera- 
taro-  A  irrmlnaitor,  immeraevl  In  liquid  nitTOfen  waa 
ttned  tar  calibrauon  at  three  &cale  potnea  by  adding 
three  #Jrrent  amounts  of  attenuation  between  the  tcl^ 
mtarttai and  the  radiometer  tcrmlnali.  A  rcom-ten- 
prcaw— r  lead  and  a  load  Immersed  In  boiling  water 
coanil— 1 1  (he  other  two  calibratloti  poLiia.  Since  die 
riiPin— r  was  calibrated  at  lla  Input  lermlnata.  the 
tiifir— if—renna  temperanu’c  readings  had  to  be  cor- 
rectalfnr  the  iransmissioa  line  loss.  A  blr<k  dlagrun 
•!  the  bcUlcy  Is  shown  in  Figure  S« 

Outs  wear  taken  tlarilAg  M  l2dX)  mldni^  aid  e-ndinc 
at  12S0iaaa  the  next  day.  Azimuth  sweeps  of  360^ 
were  — afh  for  constant  elcyadon  aniflirs  of  vP.  2°.  4**. 

V*.  10®.  15®,  20®.  30®.  41®,  60®,  and  90®. 

The  Itar  Rquircd  for  a  360®  azimuth  sweep  was  IS 
siianKs.  and  an  uitcgralkia  ibne  conaU..!  of  4.5  sec- 
onils  was  — cd  for  all  measurements .  Wl.-h  s  2®  beam- 
widdi,  npproaJmately  15  riUnutes  were  needed  to  allow 
oie  tswaraUcn  time  constant  per  beamwktl.'i  of  aztir.Jth 
sweep.  The  ou.slde  physical  temperature  was  between 
K®F  aai 36F]Z,  and  a  four-to  sU-inch  snow  cover  ex¬ 
isted-  Ihr  Alllstone  radar  antenna  feed  syscenr.  in- 
dodedncwsnhogonally-polarlzcd  receiver  channels. 
Tbe  read—  quoted  liere  sre  (or  o.tc  channel. 

Fi^rrc  b— aws  a  rcproduciion  of  one  azimuth  owcep, 
Tbe  iM  II  ns  quiet  level  of  this  constant  7®  elevation 
aweep  is  indicjicd  at  scale  reading  375,  wtdeh  -.orre- 
sponds  to  — antenna  temperature  oloO®  X.  Clearly 
shown  a—  two  peaks  which  correspond  to  the  Milky 
Way  (swoVer  peak)  and  llie  sun.  Figure  7  shows  a  ptoc 
of  average  qstet  level  antenna  temperatures  over  u 
iji— rfi  s— cp  vcr.sua  elevation  angle.  This  curve  la- 


dieatsn  that  lha  siaeann  tempers  turn  do—  not  Tsry 
appmetabiy  after  Ihe  mala  beam  and  prlnclplt  sMs- 
io^  are  poiattat  sbose  the  ground,  providing  bo  bM 
galactic  aourcea  arc  pceaent  wlibne  the  beam.  After 
15°  dessUoa,  there  la  oaly  s  gradual  decllns  in  antenna 
temp—urc  at  lacrcaalng  elcvatl— .  This  gradual  da- 
creaaa  Is  presumably  st  least  partially  caused  by  da* 
crcasii^  aimoaplicilc  path  lengths.  During  the  morn- 
inf  bourn  It  was  noticed  that,  when  ibe  aateiau  Is  etdf 
la  S®  of  the  suaa  pnaltlna.  a  noise  temperature  greater 
thsB  30(/*IC  czlated.  There  seemed  to  he  good  corre- 
IsHoa  uetween  tsbuUtrd  sky  oolsc  soorcea  sod  ita  la- 
dlcatcd  levels  trom  ifaeae  Jieaauremcnts .  The  Milky 
iAs«  was  zhssys  ob— md  at  !bc  proper  sxlrouth  and 
elevstlan.  and  exhltailcd  approximately  the  proper  shnpn. 
A  tsbulrtloo  was  made  cf  all  Interference  peaks  cit- 
cojo'ered  and  the  azliuutti  oector  and  time  In  wldch 
they  nreiT  eacouatered. 

6.  .Antenns  Tempeisoire  Mcasuiemenu  at 
CoU  egc  Alooka 

The  antnoa  used  In  these  mcasurr  menta  was  s  60-f<wV. 
parabolic  redcctni-  with  a  dipole  trod  oyitem.  This 
antenna  war  made  avalkible  by  Stanford  Research  In* 
atltute.  The  nomlaal  bcamwidth  of  tbe  antenna  wr.s  3®. 

the  imdlumeter  coosUled  of  a  very  atable  Ewen  kniyiw 
LNRE  400- me  receiver  whore  detected  output  waa  dis¬ 
played  ou  a  DC  chan  recorder.  ThU  receiver  was 
made  available  by  1  Incoln  Lsborstorlea.  Figure  B 
shows  the  ten  focUKy  block  diagram.  The  callbtatloc 
waa  accompluhcd  by  plseing  a  matched  load  In  liquid 
nitrogen  and  using  nerersl  dlflerent  afteo'jaUon  values 
between  the  load  and  the  collbralloa  point  at  the  re¬ 
ceiver  InpiA  terminals.  This  calibration  was  checked 
every  IC  minutes  during  the  recording  time,  since  dda 
type  of  radiometer  Is  scmliWe  to  drifts  In  ompHfler 


Oau  were  tzken  lor  the  MU  360®  atimudi  sweep  and 
elcvaUoB  anglcz  ofOO.  2°,  4®.  5®.  »®,  10®.  21®.  To* 
time  cctuiveOi  was  to  7  scccnCe,  wltii  azUnutSi 

oi  jn  talc  o(  20  mlcvm  Jnr  360°.  Figuie  9  shows  s 
plot  of  ek-vsiioo  siyte  Tvrsuj  sTers^  tAteriM 

tcinprnnxea 

ANTENNA  NOISE  TEA.FERATURB  PREaJICTXW 

Antcniw  soisc  icinphTstSkee  ss  mentioned  csrlier  U 
simply  s  rontuni  time  ihe  noise  power  received  by  ss 
snienns  from  its  enYlronmcnt,  This  received  noi*# 
power  U  the  Intcgrsl  ol  the  product  of  antemu  gain  sad 
the  noise  powe;-  raJisted  bv  the  cnvironiTicnt.  Thus  the 
following  expression  cea  be  used  st  sn  slicnuttve  def* 
InlUon  o!  sntervui  noise  tempersmre; 


/m.0>C(9,fi/dS 
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when  T  (n,  n  -  aoUe  tenpeneor*  aaMclatadwtk 
dUccdiM  (t.  0) 

C  (0. 0)  •*  uteaM  pitai  la  dlrectloo  (t,  A 

Tlwa,  wrlttag  liw  abOTC  expcersloa  la  dlocrctt  too* 
F^Hre  10),  cm  obtalM 

».  “  04j)  jj_  . 

0* 

too  C(u)  O'  tvcrojn  gain  over  oolid  annic  a,  oaiTj  I* 
•Tcrace  aolce  a'lnpcralu/e  aaoo^uicd  with  oolM  aiQ^ 

•  . 

;t(  cube  aeen  tJiat  aj  la  a  welflkUng  fr.c<ot.  wptaThy 
the  Cnctlaocl  ^nlou  n?  pcwer  entcrlnj  the  niaeaaM  (■ 
uny  ft<^cu  uiUd  Thua,  anteruu  nolae  tempera- 

turr  ei{uala  the  wei^t-al  aum  ol  (he  nalac  teraprramrrt 
coutrlbutkwa  Ui  the  uteiju  pettera. 

Aa  ar  illiiatradon,  the  antenna  noise  temperature  M  as 
elevaiiaa  an^e  ol  will  be  calculated.  A  aitnpUCed 
liUgrant  cf  the  antenna  pattern  la  shewn  in  t^tenrr  lla. 
A  reptenen'ative  .alue  (or  the  fractloncl  pun  «a  (be 
powee  received  (rom  the  ina;n  beam  ta  Q.I .  The  re¬ 
mainder  o(  (he  received  power  will,  lor  ilraplictiy.  be 
aaaumed  to  be  unKormly  cllctrlbutcd  Uirou()ioui  the 
tslail  solid  an'de,  wtth  half  o(  this  power  comlos  bam 
below  C"  el  sUoa,  and  tht  remainder  hrom  abooeV' 
clevatMa. 

Tbe  table  shown  In  Figure  1U>  Indicates  the  tacbod  at 
caJcuUtliig  this  aiiienna  doUc  tempersture« 


dlatlim  trom  the  aanli  aedae  m  a  bUck  feedy  IKn, 
the  physical  earth  temperature  wbea  dm  rartnesemr 
escasuremcata  were  maiSa  (FeJanieiy.  19S9>.  WMb  e 
weighting  lector  of  0.1,  doe  to  tble  aolee  aOerbg only 
into  the  lower  eldelohe  bcalepheiu.  the  neelteal  aw- 
teau  temperamro  due  is  eenh  rodUrtoawea  TMi. 

The  contributtan  due  to  plecdc  aaleo  cm  be  laedOy 
lound  by  vKemlaetloa  ol  galecUc  nolso  cfaaxte  each  ew 
ere  (ouitd  la  Aclereacce  S.  6  ead  7.  The  cwwlc  tatm 
lateikslty  warlce  over  approidinaiely  e  mo-tsa-tam  xaabi 
at  a  gives  Irrvjueiicy ,  depending  on  wbedtex  ewe  I* 
pointed  at  the  hot  part  nl  the  Milky  Way  or  hi  e  more 
■DlBc-bcc  pordon  of  the  sky.  Tbe  overage  value  «t 
coemK  nolee  temperature  at  400  am  la  (he  aelee  (two 
norticik  u!  the  sity  was  estimated  at  about  TCPtL,  WiA 
a  weighting  (actor  of  0.9  due  to  the  mala  beam  aarf 
cklelobea  In  the  upper  hemlaphere.  ibe  reealtim  esw- 
mk.  nrlae  contxlbuuoo  was  U*^. 

Inasmuch  ae  the  radiometer  meaeuremcats  plotted  mere 
those  made  at  night.  It  was  not  necessary  it>  accoiat  lor 
contxkbutlona  due  to  sun  nolae.  ConiTtbudoae  (rom 
radtc  c'rr  sources  were  negligible,  ee  (heir  anise  ar¬ 
rived  at  the  low  sidclobe  levels .  SuaunlDg  ep  the  bo- 
portaoi  nolae  costTtbuUona.  ae  ebon  In  dm  table  af 
Figure  11  a  net  antenna  temperarure  ol  Tcsulte. 
The  measured  antenna  noise  temperanira  for  dda 
elevation  angle  waa  6C‘*K  at  the  Millatowe  HU  radar, 
and  at  tlm  SHI  Alaakan  radar.  (Tfaus  carrelailaa 
between  estimated  and  measured  results  la  |s4tvd  ade¬ 
quate  (or  most  system  purposes).  CalculaHoa  at  aoU- 
mated  stderma  temperatures  at  other  devathm  englaa 
yielded  rceulu  ed^ustcly  close  to  measured  aabBon 
values. 


The  oaygen  and  water  vapor  In  the  atmosphere,  wbaeh 
cause  r-(  atteouailaa,  also  generate  r-f  noise.  Smee 
die  path  length  through  the  tropbosphere  varies  whh 
clevatira  angle,  the  associated  reauluat  noise  wm|ar 
BOtre  also  varies  with  elevation  ang)e.  Fnm  pievlr 
oualy-oeosuied  values  of  anenuadon  as  a  hwetimi  a( 
frrtpieiicy  and  elevation  angle,  the  resulunt  oaoc  icsa- 
peratmo  can  be  calculated.  These  values  have  farea 
tabulaiod  and  plotted  by  several  Invcstlgaiora.  (Rsf- 
erences  1.  3.  and  4.) 

At  the  Crrtpicncy  of  approximately  400  me,  at  which 
radiometer  meaaurcments  were  carried  out.  theaw- 
teiMs  lemperanue  due  to  oxygen  and  water  vapor  ai^ 
sorption  at  5°  elevation  angle  was  12°  K.  The  «cii)a- 
Ing  Iscior  used  was  C.8,  thst  associated  with  the  msiw 
beam.  Thus ,  (he  contribuUon  due  to  the  above  (actor 
waa  10°  K.  (Note  that  the  contrlbuUoa  due  to  dm  above 
(actor  In  the  aidelobes  is  a  second-order  eHecc.  fac- 
ca-ac  most  of  the  ptmer  entering  the  antmoa  psiwts 
comes  from  higher  elevatlcn  angles,  where  the msaus 
pberte  path  Is  relatively  short  ard  the  rcsultam  mdse 
temperature  low;  and  secondly,  because  ol  (he  0.1 
weighting  (actor.) 

The  soisc  temperature  contrlbutioa  due  to  thermal  ra- 


Tbe  net  cone lus  Ion  Is  that  (silly  good  esttmoas  of  aa- 
tetins  nolae  temperatures  can  be  made.  wlthiMl  the 
necessity  (or  radiometer  messureoiems.  (ormostewa- 
ventlonsl  antetuiss,  with  an  accuracy  sofficlcat  (or  most 
system  planning. 

As  an  Illustration  o(  the  use  of  satcana  wofsc  tesnpexs- 
lures  in  calculating  system  scaslUvIiy.  dm  Mknrlwg 
caampic  Is  given. 

Assume  two  radar  syatema  are  to  be  onmpared.  Syo- 
lem  I  uaea  a  receiver  having  a  not^e  Bgme  et  3  <l>, 
whereaa  System  n  uses  a  receiver  havlag  a  eolae  fig¬ 
ure  of  1  db.  System  losses  betweea  aateaoa  and  iw- 
ceivcr  input  are  estimated  aa  2  db.  Aittcawa  aolna 
temperarure  Is  assumed  to  be  100°K.  Wliat  arc  the  rs- 
aultant  sytiem  se.isldvltlea,  and  what  is  tbe  improve¬ 
ment  in  sensitivity  of  System  1  over  System  DT  Ftgnrs 
12  shows  die  csiculatioo. 

It  reception  losses  were  reduced  brain  2  ik  to  0  db. 
Figure  l3a  shows  that  the  followtag  aenstitvltlea  are 
obtained; 

Syatem  1;  T,  -  100  +  290  -  39tf*  K. 

Syatem  H;  T,  -  100  ♦  7S  -  175“  K. 


237 


Now  If  were  reduced  to  0®K,  Figure  Ub chows  thst 
the  resultant  system  sensitivities  are  nliriiw  il~ 

System  I;  T,  -  T^.  -  290®K 
System  n:  T,  »  T,  «  75®rC 


CONCLUSIQMB 

a.  Antenna  noise  temperature  estimates  can  be  soade 
rapidly  without  the  need  for  radiometer  measure* 
ments.  for  most  system  sensitivity  aaslyscs. 

b.  A  tow  noise  antenna,  which  minimizes  zatUatlan 
reaching  it  tlvou^  the  earth  via  spUlover  aad  side- 
lobes,  is  an  important  psrt  of  a  iow-nolse  reoeir- 
ing  system. 


J2D_  5.86  =0=  5.9  db. 
75 


Figure  14  is  a  plot  of  system  noise  tempersmre  against 
receiver  noise  temperature  for  an  aasumed  aatenna 
noise  temperature  of  100®K.  Notice  the  mcreose  in 
system  noise  temperature  of  about  40°IC  far  a  1-db  line 
loss,  and  about  70°K  for  a  2-db  line  loss.  Tbis  factor 
is  most  important  for  low  values  of  rccctwer  noise  tem¬ 
perature. 


c.  It  is  important  to  minimize  losses  between  asrirasn 
and  receiver.  Placing  the  receiver  near  the  an¬ 
tenna  feedhom  aids  in  cuttliig  down  losses.  f«  ad¬ 
dition,  separate  transmltting-receiving  antmaas 
eliminates  duplexer  losses  and  possible  TR  tube 
noise  generatloB. 

d.  However,  man-made  interference  poses  a  proMcin. 
Site  interference  surveys  must  be  made  atid  iwc 
dial  action  taken,  if  necessary,  in  order  to  henrftt 
from  a  low-noise  system. 


SUkiKLWlY 

Tlve  original  system,  replacing  a  3-dbnattS>e  figure  re¬ 
ceiver  with  a  1-db  noise  figure  receiver,  yields  a  2.7 
db  improvement  in  sensitivity.  If  tJicre  vnerc  no  recep¬ 
tion  line  losses,  the  improvement  would  ie  3.5  db. 
Furthermore  If  there  were  zero  antenna  noise  tempera¬ 
ture.  the  improvement  in  sensitivity  woiikJ  N.-  5.9  db, 
due  to  improvement  in  receiver  noise  teteperature. 

Note  that  receiver  noise  figure  Implies  aa  antenna  noise 
temperature  of  290®K.  Thus,  rcplactnga  3-db  noise 
figure  receiver  with  a  1-db  noise  figure  reortver  yields 
an  improvement  in  sensi.ivlty  l>cttor  ihaa  3  db  when¬ 
ever  the  antenna  noise  temperature  is  less  than  290°K. 

TV.  above  example  points  out  the  need  for  concentrat¬ 
ing  on  all  elements  of  a  low-noise  radar  system  —  the 
antenna  noise  temperature,  reception  lincfcwscs  and 
receiver  proper.  Present  technology  is  snrh  tlut  the 
above  contributions  are  of  Uie  same  order  of  magnitude. 
For  example,  Bell  Telephone  Laboratories  (Reference 
3)  has  measured  a  17.6®K  system  noise  Bcs3{a.-rature  of 
a  low-nolsc  maser  receiving  system  at  S.t&  Imc  fre¬ 
quency,  broken  down  as  follows: 


Direct  sky  noise  (at  zenith)  2.5®K 

Slde-or  Backlobe  Pickup  2®1C 

Traveling  wave  maser  10.5°1C 

Antenna,  waveguide  and  coupler  loss  3.5'^K 
(0.05  db) 


e.  In  the  limit,  it  can  be  said  that  the  environmeslt 
will  put  a  bound  on  ultimate  sensitivity  of  a  radar 
system.  Sensitivity  will  vary  as  the  radar  beam 
points  to  regions  varying  in  noise  level.  For  fas- 
stance,  radio  stars,  the  sun.  the  moon.  etc.,  will 
change  tlte  sensitivity  of  a  system.  System  desiga 
may  have  to  program  the  scan,  for  example,  to 
avoid  deterioration  In  sensitivity,  or  else  wiU  hanae 
to  ccr:Ider  tj>c  varyLng  sensitiviiy. 
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TIa*  »ii|uir— Mti  aC  tbla  astMaa  as  vara 
ootli.aad  la  tka  agfUcabla  tachalcal  apae- 
iflcatlea  vara  tkat.  tlia  antanna  ba  abla  ta 
racalva  alaalla  alipiala  ahlla  tha  aiaaila 
la  la  tka  Bppac  kaalaphara  o(  tha  aircraft. 
Ttuia  Uta  aakaaaa  Mat  praaant  circular  po- 
larlaatlca  daxactar lat lea  in  all  dlract- 
lons  abova  tba  haclaootal  plana  of  tha 
aircraft  ac  ba  drealarly  polarlaad  dlx> 
actly  arnibaai  aaA  vartlcally  polarlaad  at 
tba  boclaoe.  tkla  vould  parmlt  recaption 
of  alaalla  alpaila  at  any  alaalla  aaiajtb 
anQla  whlla  la  laaal  flight  and  ttM  vort¬ 
ical  polarlaatlaa  la  tha  horlaoo  vould 
paralt  racoptlca  of  algoala  vhlla  tha  ala- 
alia  la  In  Ita  tacalaal  phaaaa  of  flight. 
Tha  anal  ratla  dlractly  ovarhead  auat  not 
axcaad  1.2dil  and  tha  VSMr  auat  not  aacaad 
3<1  ovar  tba  211  ta  260  ac  talaaatry  band. 
Mulla  la  tha  radlatad  pattacn  auat  not  aa- 
caod  10  db.  tha  antanna  auat  praaant  a 
c  .nlaua  of  aamdyaaalc  drag  and  produca 
practically  ae  air  flow  turbulanca  In  tha 
vicinity  of  tba  vartlcal  and  horiaontal 
atablllrars.  Tba  antenna  ahall  ba  ault- 
abla  for  Inatallatlnn  In  tha  upper  fuaa- 
Xaga  of  a  C-M  alrrraft. 

for  aarodyaaadc  coualdaratlona.  tha  above 
regoitananta  naggast  a  fluah  aounting  ant> 
anna,  auch  aa  a  alot  antanfja.  Tvo  slot  an- 
t«nnaa  t^Uch  ara  aclantad  90^  vlth  raapaet 
to  oach  other  aad  pbaaad  properly,  vlll 
give  broadband  apaxatlon  and  will  axhlblt 
circular  polarlaatloo  on  an  axle  perpendi¬ 
cular  to  tha  plana  of  tha  alota  and  linear 
polarlratloa  la  tha  plana  of  tha  alota. 

Tha  dlxactiOB  of  pnlailxatlon  In  tha  plana 
of  tba  alota  will  ba  perpendicular  to  thla 
plana.  A  tlaab  tamitlng  alot  antanna  sya- 
taa  offeca  no  aarodyuaad.c  drag  and  no  air 
flow  txirbulaacai  aa  axtrc  faatura  of  fluab 
aounting  la  thA  praciplcatlon  atatlc  la 
greatly  radacad  nwar  a  bubble  redone  Inst- 
allatloo- 

SLOT  Awem  TMoirr 

PATTESS  Am  Kuuahjmotl 

Tha  radlatlca  rhnrartarlatlca  of  a  slot 
antaona  la  aa  Infinite  flat  sheet  ara  coa- 
pated  to  that  of  a  ccagil  iaantary  dlpolo  by 
rafarenca  to  flgara  1.  (Aof.  1,  Pages  397. 
3MJ. 


Plyara  1. 

Tha  Inflnlta  flat  conducting  sheet  ts  co¬ 
incident  wltb  tba  x-y  plana,  and  tha  long 
dinanalon  of  tha  alot  la  In  tha  x  direct- 
Ion.  Tha  eoapliaantary  dlpola  la  coinci¬ 
dent  with  tha  X  axis.  Tha  radlatloo  field 
pattern  of  tha  slot  antanna  has  a  doughnat 
shape  Identical  to  titat  of  tha  conpllaaat- 
ary  dlpola,  axcapt  that  tha  alactrle  flald 
vactora  K  and  Mgnatlc  flald  vactora  H  era 
Intarchangad. 

It  la  saan  that  tha  radiation  in  tha  x-y 
plana  froa  tha  horlxontal  slot  haa  a  pol- 
arlcatlon  parallel  to  tha  t  axle,  or  la 
varttcally  pularltad,  and  that  aloog  tba 
x  axia  It  la  polarlaad  parallal  to  tha  x-y 
plana  or  horlaoatally  polarlaad.  If  tha 
alot  la  vary  thla  (tba  wldtb  la  aucb  ahorb- 
er  than  tha  vavalongtb)  and  1/2  vovolongtb 
In  length,  tba  variation  of  as  a  funct¬ 
ion  of  A  la  datamdnad  by  tba  eguatloni 

(«)  .  ftf.  SO.  gJ. 

Pot  arbitrarily  aolactad  valuaa  of  0  at  0^, 
49O.  and  90*>.  (9)  .  0,  0.62  anl  1.0  ra- 

apacttvaly.  If  tbn  shaat  la  Inflnlta  la 
extant  and  parfactly  conductive,  is  a 
function  of  9  only  (iadapandant  of  . 

Carrying  this  analysla  furthar,  if  tba 
sheet  haa  sons  finite  length  (in  the  ord¬ 
er  of  several  wavelengths)  a  Murkad  change 
In  the  9^(9)  pattern  raaulta  as  aaeo  la 
Pigura  2  (a),  (aaf.  1.  page  359). 
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riguza  >. 

A  null  occur*  •lon9  th*  y  axis  (parpondl- 
cntlar  to  tbu  *xi*  of  th*  alot)  ^>*  to  op^ 
oaitaly  pha*«d  fluid*  of  oqual  aagnitud* 
b«ii>9  ladtatad  fcon  th*  two  aid**  of  th* 
aheat.  Bowovar,  If  on*  aid*  of  th*  ah**! 
la  boxed  In.  th*  fl*ld  atranqth  pattarn 
appoar*  a*  the  aolld  lln*  in  Pl9ur*  2  (b) . 
Aa  tb*  dlaenalona  of  th*  ahaat  ar*  incr««  • 
•d  toward  Infinity  a  aonlclrcular  pettarn 
la  approached  aa  ahown  by  th*  dotted  ll.aa 
in  thla  fl9ur*. 

If  a  alot  1*  placed  In  a  cyllndar.  thac* 

1*  no  lon9er  a  null  alon9  th*  y  axl*  aloe* 
th*  ground  plan*  la  now  contlnuou*  and 
th«r«  la  no  outward  radiation  fro*  th*  in- 
nor  aid*  of  tha  alot  to  produc*  cancella¬ 
tion.  Th*  radiation  pattern  for  a  alot  in 
a  cyllndar  whoa*  dla**t*r  to  wavelength 
ratio  1*  2.S  (which  la  th*  caa*  for  a  C-S4 
aircraft  at  240  me)  la  ahown  In  rtyur*  2 
(c). 

IMPEDAMCB  (VSMR)  AtS  BAHDWlimi 

The  canter  point  lapedanc*  of  an  ^>«n  half 
wav*  alot  with  a  relatively  hlsh  length-to- 
width  ritlo  la  approxlnataly  SCO  ohna. 

When  th*  alot  la  boxed  in  on  on*  side  mo 
that  xero  auacaptanc*  la  ahunted  acroa* 
th*  alot  taralnala.  the  inpedanca  la  doub¬ 
led  or  becoeoa  1000  ohna.  since  tha  curr¬ 
ent  and  voltage  relatlonahlp*  in  a  alot 
radiator  ar*  aa  pictured  in  Figure  3  (Baf. 
2,  Page  7X3),  It  follow*  that  a  low  Inped- 
anc*  point  can  le  achieved  by  exciting  tha 
boxed  alot  near  the  bottoe  of  th*  cavity 
and  toward  one  end  where  th*  voltage  (and 
lapedance) la  low.  However,  tb*  aalectloo 
of  thla  point  and  prob*  configuration  are 
critical  for  broadband  operation  since 


nactlv*  iayedancea  appear  a*  one  aueee 
rnmmy  fro*  th*  center  of  the  slot.  Ala*, 
tha  dapth  of  th*  Blot  b*B  taportaat: 
toaaring  on  th*  reactive  coep  onset  eC  tb* 
driving  point  lepedano*. 


SLOT  CURHIN)  VU).U4^  n.lMieuiOi 
Figure  3. 

In  practice,  tha  exact  location  of  this 
point  and  alot  dapth  1*  salactsd  by  am- 
parlaantatlon  to  obtain  tha  optlnM  *>»««*- 
width  and  Inpodanc*  natch  to  tha  Tra** 
adsaloo  line. 

Aa  with  dlpola  radiators,  the  iroadbaad- 
log  of  th*  slot  radiator  l*  a  fuoctlo*  of 
th#  length-to-wtdth  ratio  of  tb*  alet.tbe 
bandwidth  Increasing  with  lower  rati**, 
•ttlntaoanc*  of  low  V&WR  over  a  wide  fre¬ 
quency  rang*  la  a  function  of  tha  cavity 
dleenaion*  prlnariiy  th*  length  te  width 
ratio,  and  tha  nathod  of  fending. 

If  th*r*  ar*  two  slots,  croaaed  la  awck  a 
faahloo  so  that  thay  will  be  Butually  per¬ 
pendicular,  neither  slot  may  be  miTrae 
iantly  excited  fro*  tl.*  canter  wlthoet 
th*  poaalblllty  of  exciting  t)ie  other.  As 
will  b*  shown  later  cross  coupling  will 
causa  difficulty  in  radiating  a  cizcelar- 
ly  polarited  wave  and  can  aeriously  llait 
bandwidth.  It  has  bean  ahown  (RaC.  3, 
P49ca  182,  lel)  that  the  approxleat*  driv¬ 
ing  point  Inpedanca  of  a  alot  radiator  de¬ 
creases  as  the  square  of  the  dlstaknc*  a- 
way  fro*  th*  center  of  th*  slot  and  tlaa 
square  of  the  length  of  th*  prob*.  1h* 
driving  point  Impedance  also  decr*ae-a  as 
the  probo  is  moved  toward  the  bottoe  of 
i8o  slot.  Moving  tho  driving  point  away 
fro*  tha  canter  of  the  alot  also  flai  i  naaw 
the  bandwidth  of  the  alot  radiator  to  a 
alight  extent.  Driving  probe  dlaaetar  al- 
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•e  «£f«eta  tenSvldtli.  M  tMw  cylindrlcAl 
pruta  lapurt*  ■  U.9l>  raactuo*  to  tha  dri* 
ting  point  lapodanoo  obllo  Inrgor  dlaaoto* 
protea  pcovlda  roiipllaf  and  hava  laaa 

Mix  caactnsoa. 

nrsiaiuHTAi.  utsoLTs  win  sutoui  SLor 

It  waa  found  axpertwantally  Uiat  all  at 
tha  afocaaantloiiad  pxopartiaa  of  a  slot 
radiator  ara  trua.  Addltiooal  tnfonaatlca 
obtAioad  uoa  tha  drlalog  point  charactar- 
latlca  aa  tlia  driving  point  waa  awad  to- 
mxd  tha  bottoa  of  tha  alot  cavity.  Chang¬ 
ing  tha  cavity  depth  haa  priaary  affact  on 
tha  auaceptanca  along  tha  «alL  of  tha  alot 
and  la  turn  tha  raactlva  coaponant  of  dri¬ 
ving  point  lapadanca  cbaapglng  tha  driving 
point  posltloo  parpandirolar  to  tha  plana 
of  tha  alot  vill  change  both  tha  raactlva 
and  realstanca  coaiponents  of  driving  point 
lapodanca.  Tharafora.  by  chooalng  a  part¬ 
icular  proba  dlanater  and  langth,  at  a 
cactaln  locatloa  and  with  a  proper  cavity 
depth,  alnoat  any  driving  point  lapedanca 
can  ha  reallaad,  Ualng  large  cylindrical 
probea  vhlch  were  tapered  on  one  and  to 
provide  a  aoooth  transition  to  tha  coax¬ 
ial  feed  ayataa,  a  driving  point  was  found 
which  could  easily  give  a  40)1  bandwidth 
for  a  VSWR  of  2sl  cor  each  of  M  otaaa  and 
lOO  ohaa. 

CHAHACTERISTICS  OP  CROSS  BO  SLOg  AWTEMMAS 

CROSSED  sun-  KAOIATIOM  TOBmX 

Aa  can  be  ah<nm  by  raclpaoclty,  tha  c-C 
cViaracterletlcs  of  an  antenna  are  Identi¬ 
cal  whether  transeittlng  or  receiving, 
therefore,  the  crossed  slot  array  Is  con¬ 
sidered  a  transalttlng  antenna  In  the  fol- 
Icwlng  analysis  la  order  to  facllltato 
discussion. 

It  Is  seen  froa  ri^ua  4  that  tha  electric 
field  vector  S  bridges  ths  crossover  point 
by  a  radial  dlatributlon  of  energy  ouch 
the  saas  as  that  emanating  Into  space  froa 
the  slot  Itself,  since  the  electrical 
fields  froa  tha  respective  slots  ara  nut- 
ually  perpendicular,  there  la  no  cross 
coupling  between  slots  assuolng  each  slot 
is  driven  sysnetrlcally.  The  aagnetlc 
field  conponent  H  generated  by  the  ground 
plane  currents  Is  distributed  along  tha 
length  of  die  slots.  The  Ideal  field 
strength  patterns  generated  by  a  crossed 
clot  arrangoment  (antenna  installed  on  a 
flat,  perfectly  conducting  sheet  of  In¬ 
finite  length)  are  two'autually  perpendi¬ 
cular  hulclCER  doughnut  patterns  with 
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Slots 

Xlgura  4. 

In  tha  actual  Installation,  the  slots  am 
orieotod  4S**  with  respect  to  the  loogitad- 
Inal  axis  of  tha  aircraft.  This  arrange 
oent  provides  good  electrical  balanca  be- 
twoea  slots,  assuraa  unlfora  overall  cov¬ 
erage.  and  exhibits  alaost  unity  axled 
ratio  directly  overhead  whara  It  la  oowt 
Inportant.  A  close  appraxlMtloa  of  tha 
pattern  which  can  be  axpectad  from  slot* 
otlantod  in  this  oannar  Is  al>iut  half-way 
between  tha  patterns  obtained  from  slots 
(1)  parallel  with  and  (2)  parpendlcalar 
to  tha  longitudinal  axis.  In  tha  first 
caaa,  a  cooslderabla  langth  of  fusalaga 
serves  as  a  ground  plane  and.  except  few 
a  alight  oodlfylng  affect  due  to  sloplag 
off  of  the  fuselage,  tha  pattern  approacb- 
as  that  represented  by  tha  dotted  lias  so 
Figure  2  (b) .  For  Case  Wo.  2,  ths  slot 
has  as  its  ground  plana.  In  affect,  a  cyl¬ 
inder  whose  dlaaatar  is  that  of  tha  air¬ 
craft.  Tha  radiation  pattern  froa  a  slot¬ 
ted  cylinder  with  a  dlasteter  to  wavalaagth 
ratio  of  2.»  la  approximately  that  shrr^ 
in  Figure  2  (c)  (Ref.  4  page  689>. 

The  two  antennas  provide  pettems  ahoot 
tha  s  axis  wlilch  are  Identical  and  ara 
oriented  with  respect  to  each  otnor  at  aa 
angle  of  90”.  Further,  the  electric  vac- 
tors  at  each  point  In  space  are  at  angles 
varying  baeween  90®  on  tha  s  axis  and  0® 

In  the  x-y  plane,  hut  always  tlM  phased 
90®  apart.  In  analyzing  this  vector  arr¬ 
angement  two  axes  u  and  v  ara  defined, 
with  tha  u-w  plane  perpendicular  to  tne 
radius  vector  from  tha  antenna,  and  tha  a 
axis  always  parallel  to  the  x-y  pLaae  (saa 
Figure  b). 
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rigura  S. 

The  electric  vectors.  end  E}  free  Uie 
antenna  will  lie  in  this  u-v  iiiaaa.  There- 
(oret 

By  •  (sin  a^  ♦.  Bj  sin  a^J 
By  •  B|  (cos  ai  +  ^  cos  a2l  (*ft*SO^ 

•  B^  (cos  a^  X  ^2  *2^ 


*v  "  *i  sin  •>  1  C]  eln  ej 


ial  reUe  X.%.  m  1.0) 

*B  esi  elevetlen  of  W*  in  tiM  y-«  ^Ine* 
■^^(0)  .  CTO  ^  .  .OIS 

(•).  1.0 

S^O(o)  In  »arellel  to  the  a  anle* 
coe  a^  -  k.  aad  ain  a^  m  0. 

^fo)  is  parallel  to  the  v  aala« 

«oa  02  a  O,  aad  sin  02  ■  1 

Ky  .  0  i  Bj  *2  :  M  ‘ 
a  COS  a|^e  0  a  B^^  ■  O.OIS 
Tlmrafore. 

A. a.  (sjtial  ratio)  ■  Rv/Xw  •  1/0.819  ■ 

1.22  a  1.72  dh.  Slaiilarly,  the  alliptl- 
Cites  at  49®.  JO®  and  0°  ‘r*  0*^  «“»• 
dJs  and  loBioity.  respectively. 

TtM  antennn  arrangeesnt  vill  than  provide 
excellent  circularly-polarised  vertical 
coiv*ra9a  when  the  niasile  is  passing  over¬ 
head  la  borisontal  flight,  and  will  con- 
timie  to  9ivs  9ood  circularly-polarised 
coverage  dove  to  ahout  49®  free  the  verti¬ 
cal  axis.  Beyond  this  point.  althou9b  the 
elliptictty  Inrraisss  to  infinity,  full 
vortlcally-polarised  covece9e  Is  provided 
derioq  the  divinq  phase  when  the  adeslle 
Is  ooreally  a«ittln«  vertically-polarised 


a  B^coe  Bx  -i  *2  *3 


By  a  By  sio  wt 

By  a  Ky  cos  wt 

which  are  the  pareaetxic  equations  (or  ■■ 
ellipticslly  polarised  wave  (of  axial  ra¬ 
tio  Ky/Ku)  ■*  •  poihf  i“  space.  For  e»- 
ai^ie.  at  a  point  directly  overhead  the 
aaqniUidss  are  the  aaea  for  each 

slot. 

Since  the  u  and  v  ansa  are  parallel  to  the 
X  end  y  axes,  respectively,  (still  direct¬ 
ly  overhead) . 

>.  Id/  COB  wt 

By  a  a  1.0  Sin  wt 

aid  the  wave  is  circularly  polarised  (ex- 
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canum 

A  crossed -slot  antenna  was  cooetxuctod  to 
the  dieeoslens  stated  earlier  as  optiseus 
for  e  sioqle  slot  end  pieced  In  a  flat 
qroeod  plies.  The  first  effects  noted 
were  a  deexesae  in  bandwidth  and  chanqsa 
in  input  lepedancs.  A  new  problse  asso¬ 
ciated  with  drivlnq  crossed-slots  Is  that, 
when  the  slots  ere  phased  90°  slectrlMlly. 
the  drlvlnq  iapedancss  Mist  be  such  that 
rhs  power  division  between  tbs  two  slots 
will  be  nearly  equal  in  order  to  achieve 
90od  circular  polerlsetioo  directly  ovet- 


In  testlnq  to  laprove  VSMR,  It  was  rossoo- 
ed  that  a  slight  dielectric  loading  at  tlie 
amth  of  t)w  alct  introduces  enough  addi¬ 
tional  cepacltlvs  reactance  at  the  slot 
wpealng  to  permit  the  piiysicnl  depth  of 
the  slot  to  be  decreased.  By  utilising  a 
9/lB  inen  tbichnesa  of  epoxy  fiberglass 


••  •  radoM.  tfaa  daptt  oC  tM  alot  amj  b* 
■taortanad  a  full  itirh.  TUa  la  raaaooabla 
alnca  tlia  ralatlva  dlalactrlc  ef  apoqr  fl> 
twxglaaa  la  aucb  tbat  tto  SA*  lodt  apoacp 
paodiicaa  a  total  dlaiactric  aqual  to  app- 
pKoaclaataly  ona  lack  of  air.  ttvla  dlaloe- 
'tric  la  affactiva  ooly  oaar  tba  oouth  of 
'tba  alot  vhara  tba  aloctrlc  potaatlal  la 
graataat.  Crooalng  tha  alota  oaaaa  ooa 
othar  aarlooa  dasradatloo  to  tha  ayataa« 
a  blgh  da^tao  of  crooa-caapllng  batwaaa 
alota.  If  powor  la  antarlXi9  tha  ayataa  ty 
way  of  tha  drivlog  point  ta  Slot  «1  (So# 
Pl^ira  4),  anar^y  radlataa  froa  tha  aouth 
of  tha  alot  and  alao  lata  tha  tagloo  riim 
oo  to  both  alota. 

Tha  frlxtglnq  of  tha  alactrlc  vactoxa.  as 
ahcwn  la  fl^uxa  4,  cauaaa  aoaxgy  to  ba 
couplad  to  both  anda  of  slot  ho.  2,  and 
tha  proba  In  that  alot  couplaa  aoaa  of 
this  onaxgy  back  to  tha  load  ayataa.  This 
indlcataa  that  tha  faad  ayataa  ahouLd  la- 
cluda  a  hybrid  rloq  to  provlda  a  high  da> 
gxaa  of  axtaraal  laolatioo  batwaaa  alota. 
Thia  would  help  allalnata  tha  affact  of 
exosa-coupllng  on  VSWk.  but  not  to  a  larga 
axtent.  tha  affact  being  li^oaad  upoa  tha 
antSDoa  radiation  pattara.  ai  ahown  m 
Plgura  6  tha  alactrlc  vactora  at  tloaa  t^ 
and  tj  (whara  t]  la  90°  latar  than  t^l  axa 
not  apacad-phaaad  90°  nndar  coodltlona  of 
cr  oaa -coupl  lop. 


OF  csas-copin*  osiora:  vt::cas 

rigusa  4. 

Conildar  a  tine  tj  «dtan  tha  Input  voltage 
la  aaxiaua  on  alot  #1  and  xaro  into  alot 
Mo.  2.  El  la  i^lgura  6  (a)  la  tha  voltage 
vector  radiated  froa  both  ends  of  alot  •!, 
neglecting  the  affect  of  cxoec-coupllog. 
Since  aome  power  ie  being  coupled  Into  elot 
Mo.  2  as  In  Plgura  4.  d  les  not  have  tha 
Sana  aagnituda  In  tha  y  direction;  Instead 
thera  la  a  saallar  vector  «l*.  This  la 


causad  fay  aoaa  of  tha  power  being  coupled 
Into  Slot  Mo.  2  and  balng  fad  beck  to  tha 
faad  ayataa  at  tha  proba  and  of  thla  alot. 
Aaaualng  a  parfact  aatcb  la  the  (a)  and 
of  Slot  Mo.  2  batMon  tha  proba  and  Ita 
coaxial  tarainatlon.  all  of  thla  power  la 
dlaslpatad.  Tharafora,  tha  (a)  aad  of 
Slot  Mo.  2  has  a  vactor  In  tha  plna  a  dir- 
action  and  tha  (b)  and  of  Slot  Mo.  2  baa 
a  laxgar  vactor  la  tha  alnus  x  diractlea. 
Tha  raaultant  la  a  coaponaat  of  power 
which  enters  Slot  Mo.  2  at  (a) ,  appearing 
In  tha  nanus  x  dlractlon  which  is  Indlca- 
tad  la  Bi*  In  Plgura  6  (a) .  Tha  raault- 
ant  la  a  vactor  B^^  with  a  apaca  phaaa  of 
90°  e  b.  My  tha  aasn  analyala,  urttan  Ilea 
has  advancad  to  tj  (90°  later  In  tlae)  tha 
radlatad  vactor  froe  Slot  No.  2  la  tjb 
an  angla  of  -6  dagraaa.  Tharafora.  tha 
total  apaca  diaplacaannt  tor  tha  alactrlc 
vactora  ft  on  aech  alot  la  90°  ^  2  b.tdilch 
is  affectively  tha  phyaical  angular  dla- 
placaeent  between  alota.  Therefore.  It 
le  aeon  that  good  circular  polarlaatioo 
la  difficult  to  obtain  with  thla  artange- 
eent.  It  would  ba  posalbla  to  alectrlc- 
ally  phaaa  tha  two  alota  in  tha  faed  har- 
neaa  by  an  aoount  equal  to  2  b  and  aein- 
tain  good  axial  rncio  over  a  narrow  range 
of  freqiienclaa,  but  not  under  broadband 
condltLOna.  laboratory  testa  Indlcatad 
that  for  tha  best  conproadae  in  elactxlc- 
al  phasing  of  tha  faad  harnasa.  alllivtlc- 
ttlea  at  certain  frequencies  were  In  ex- 
ceas  of  6  db. 

Bven  though  It  was  posalbla  to  correct  tha 
elllptleity  to  a  tolerable  degree  by  el¬ 
ectrical  phasing,  tha  horlaontal  pattera 
auffeia  considerably  under  thaaa  condi¬ 
tions  of  cross-coupling.  Consider  again 
Plgura  4.  It  is  seen  that  the  driven  and 
of  tha  slot  rsdiatas  nors  powor  than  does 
the  other  end.  Also,  ths  energy  which  baa 
been  crosa-coupled  to  tha  other  alot  is 
not  radiated  equally  between  the  two  ends. 
Therefore,  tha  effective  phase  canter  has 
shifted  away  from  tha  gsowatrlc  canter  of 
each  slot  radiator. 

ELININATIMO  CROSS -COUPbX HO 

*t  this  point  tha  objectlvsa  wars  to  re¬ 
design  the  probe  configuration  to  provlda 
Blnlnux  proba  fringing,  to  place  tha  proba 
toward  tha  and  of  Its  alot  that  the  proba 
fringing  la  snoothad  out  befora  raacblog 
the  center  of  each  slot,  and  to  provide 
sosie  neane  to  cancel  out  the  power  which 
was  being  coupled  to  the  adjacent  slot. 

A  eharply  tapered  probe  made  of  a  snail 
rod  and  fins  was  developed,  which  provides 
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•  McSi  tifhtAX  ctM^lag  •<*&  e»wi  l«M 
erloglng  •rouad  tM  pcob*  axM.  A  pccA* 
wu  pl*c«d  la  both  onda  9t  Mch  slat.  Md 
th*  probe*  of  •  9tvea  alot  are  drie—  la 
pbaaa.  Thua,  anorgy  cooplad  to  AXot  ■*.  2 
iztm  alot  at  (a)  la  cancallad  by  the  aa- 
ar^y  eouplad  lato  Blot  Ito.  1  froa  Slct 
1  at  (b) .  With  thia  arraapaaest,  tha  4a> 
9x0*  of  croaa -coupling  waa  not  anaanrahta 
avan  vtth  highly  aanaltlva  lopadeaea  oaaa- 
uriag  davlcoa.  Tha  tachalgua  waad  la 
teralnlng  croae-coupllng  vaa  to  xapiiaaMM 
tha  aataaoa  with  an  aqolvalant  pi  aat<w«h 
at  the  fragoaacy  in  quaatloo  and  aaaaara 
tha  iapadaaca  Into  Slot  llo.  1  andat  bo*A 
open  and  abort  circuit  condltloM  of  Sloe 
■o.  2.  In  tbla  way  tha  coupling  coafflc* 
lent  batwaan  Taralnalo  1  and  2  of  tha  pd 
aqulvalaat  ccaild  ba  dataralnad. 

Mith  tha  foux-proba  arxangaaant  and  an  el¬ 
ectrical  phasing  of  90<*  at  cantar  fxagaan* 
cy,  prototypa  antanoa  pattern  aanaurananta 
(pattarna  obtalnad  with  tha  antenna  la  a 
alnulatad,  curvad  ground  plana)  Indicato 
alllpticltlaa  of  1  db  or  laaa  dlractly 
ovarhaad,  and  uxlaua  to  atnlaun  dlftar- 
ancas  of  radlatad  powar  in  tha  horltootnl 
plana  to  ba  laaa  than  3.S  db  ovar  tha  band. 
Tha  prototypa  configuration  uaad  to  obtain 
thaaa  raeulta  waa  a  croaaad  alot  of  tba 
dinanalona  pravloualy  uaad  for  a  alaglo 
alot,  and  tha  inproved  proba.  Tha  radona 
uaad  waa  of  S/16  Inch  aouldad  apoaty  flbar- 
glaaa.  Bach  pair  of  probea  wara  fad  la 
parallal,  with  ona  pair  phaaad  90  alactrl- 
cal  degraaa  froo  tha  othar  by  a  guartar 
wava  aactlon  of  coaxial  cahla.  Tha  powar 
waa  dlvldad  betwean  alota  by  a  broad  band 
hybrid  ring  aaaembly  daalgnad  and  aaitfar- 
turad  by  Oynationlca,  Inc.  During  tba  pro¬ 
duction  of  nln*  (9)  xinlta,  tha  antanoa 
VSWR  in  DO  case  exceed  l.lOil  ovar  tha  21S 
to  260  He  telenetry  bond.  Plgura  7  la  a 
view  of  tba  prototypa  antenna  without  a 
radona. 


ttalng  a  alaolatad  grawnd  plana,  tha  TWt 
«C  tha  prototypa  and  each  prodactiaa  ant- 
nantx  wnro  aaaousad  at  219.  240.  and  240  Ha 
gtaa  gala  of  tba  prototypa  antaana  lafarcad 
CO  a  clrculaxiy-polariaad  awoa  waa  dat- 
orodaad  by  the  dlpelo  ouhatltatlea  nathod. 
EUiptictty  ■aaauraoaaCa  war*  aada  ac  9^, 
30*.  40°  and  90°  alavatloo  at  each  aal- 
onth  poaitloo  of  0°.  44°  and  90®  *• 
prototype  antaana. 


Tha  antanna  gain  waa  obtalnad  by  naaMXiag 
tba  faoriaontal  and  vartlcal  pattarna  of 
the  antanna  with  a  known  powar  inpot.  A 
ataadard  dlpola  waa  than  robatitatad  for 
tha  prototypa  croaaad-alot,  and  a  pattacm 
won  run  to  dataml  na  Ita  rndlatlaa  t.  rac- 
torlatlca.  By  a  correlation  of  ama,  ««t^ 
In  each  pattorn,  tha  gain  of  tha  antoaoa 
was  readily  datarmlnad.  It  was  foaad  that 
tto  antama  gain  dixoctly  ovarhaad  wna 
*  3.9  db  and  tha  gain  at  tba  horiann  ms 
-2  dbt  both  gain  flguraa  rafomd  to  a  clr- 
cnlarly-polariMd  laotroplc  aonroa. 


VS'Am  VERSUS  FREOUtNOf 

rtgur*  0. 

VSWB  MBhSORdKBNTS  AMD  TATmaS 

Tba  VSWK  of  tha  prototypa  antanna  wna  naan- 
orsd  and  graphical  raaulta  ora  abowa  la 
ngur*  8.  Aa  CAO  bo  aeon,  tha  antanna  ax- 
hlhlta  Viant  of  laaa  than  2il  and  ahonld 
produce  good  radiation  covnraga  tron  aboat 
170  He  to  350  Me  which  la  a  fragowncy  band¬ 
width  of  2>1.  Tho  unit  la,  tbomfoca,  op- 
arabla  ov*r  a  freguancy  range  of  four  tinea 
that  ragulrad  for  tho  praaant  talaoatry 
bans  of  315-260  Me. 


Plgura  7 


■  fi^XA  nulLntlM  pac'cn  takaa  la 
iMirlaantal  pXaaa  ot  t:i  i  acala  aoAa: 


ri9ur«  9. 

ngaxm  9  la  a  typical  prototypa  pattara 
*-v—  dlractly  ovarhaad  t<ltb  tha  aotaana 
Inatallad  la  a  almilatad  yround  plana,  la- 
dlcatlng  that  tha  antanna  haa  axcallant 
axial  ratio  dlractly  ovarhaad.  Xn  aany  caa> 
aa  tba  axial  ratio  It  qood  to  about  400  or 
Sqo  CJroa  tba  vartlcal  axla  of  tba  aircraft. 
Tha  avara90  circularity  at  10®  froa  tba 
tanlth  la  approxlaataly  4  db  and  9oaa  to 
raojfhly  IS  db  at  tha  horlaoa. 

saoA  Nonn.  MimuH 

Icala  aodal  ptttaro  aaaaruraatnta  vara  aada. 

otllialng  a  l/24ch  tcala  C-S4  aircraft, 
flooo  It  waa  phyaically  lapoaaibla  to 
bolld  a  acala  aodal  antanna  with  all  four 
pccdMa  drlwan,  two  prrbaa  wara  drlvao  la 
a  alalia  alot  vblla  tla  othar  alot  was  not 
axcltad.  Owloq  to  tii«  ayaastxy  of  ascb 
slot  with  ratpact  t'.  th^  aircraft,  tha  ac¬ 
tual  seal#  nodal  radiation  pattarnt  wara 
aasUy  otKaiaad.  flqura  10  is  a  typical 
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Tha  daapaat  antaant  pottara  holt  rafanad 
to  a  elrcolarXy-polarlaad  laotxTT'ls  aaarea 
oecura  at  a  ct  3te  Me  nnd  la  dl» 

ractly  off  tho  tall  at  tha  aircraft  aad 
haa  a  dapth  of  i2  db.  At  thla  null  pc  at. 
Which  la  at  tha  horlaoo,  tha  raaarra  if- 
nai  atxaagth  ovar  a  900  alia  ranpa  la  eal» 
ealatad  aa  foliawai 


Hlaalla  BM/Aataana  (aow) 
Mlaalla  antanna  Oaia 
(Half  Mivu  slot) 

fath  AttaaoaUoa  (900)  alias 
Aatanna  Oala  (at  aull  point) 
Slpnal  lavol  at  fxo-aap  iJ^t 
(at  worst  poaathio 
coodltlaoa) 

Aacolwar  Saaattlalty  (3  «r) 


41  dhM 


49 
-ISO  dh 
-IX  dh 


-109  dha 
•101  dha 


It  la  aaaa  that  tha  alpal  atraogth  la  ba- 
low  tha  aanaltlwlty  of  tha  rocalvar  by  a- 
ut  4  db  la  tha  ration  wary  oaar  tha  taJ  1 
aactioo  of  tha  aircraft  and  nosr  tha  horl- 
aoa. 


Howavar,  naXl  la  Bxtraaaly  sharp.  Wtthls 
a  faw  dagraiM  oo  althar  slda  of  tha  vorti¬ 
cal  atablllaax  at  thla  alsvtitloa,  ths  1I9- 
nal  laval  Ir  abova  tha  aansltlvlty  of  tbo 
racaivar.  At  thla  aaaa  point,  aad  at  a 
fraquan<^  of  340  He,  tbo  antanna  alfnal  la 
aqvial  to  that  of  M>o  racolwor  aaasltlvlty 
aad  at  215  Me  tha  aataaaa  prowidas  a  X  db 
naryio  abova  rocalvar  aaealtXvlty. 
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LOOTATIONS  OF  ANOOtAR  RADAR  RESOLUTIOH 
Bf.  Bwald  Blchl«r,  U.S.  Army  Or<>imttee,  Fnnkford  Aracratl,  PhlladdphU  Tl,  Pentiaylvaai* 


Angular  radar  rcflolutlon,  ita  UmHa,  and  tneaaa 
lor  reaching  or  overcoming  (hem  are  reviewed. 
The  aubjcct  la  linked  (o  c^cal  dllfractloa 
theory  and  to  the  reaolutloa  problem  and  the 
sampling  theorem  of  communlcalloa. 

In  the  absence  o(  noise,  resolution  la  limited 
to  roughly  the  ratio  d/X  (aperture  over  wave¬ 
length).  This  limit  la  reduced  U  the  target  dy¬ 
namic  range  Ic  greater  than  one.  For  average 
resolution  2d/X  la  an  exact  limit.  Uniform  an¬ 
tenna  Ulumlnatlon  allows  nearly  optimum  reso¬ 
lution.  Noise  reduces  those  limits,  and  target 
scIntUlatlon  also  poses  a  limit  near  d/X  .  Ef¬ 
ferent  (liters  and  radar  techniques  should  be 
helpful  if  noise  is  the  cause  of  diminished  res¬ 
olution.  Ifoiie  tries  to  exceed  the  limit  dA  one 
runs  into  forbidding  expense.  It  Is  concluded 
that  radar  resolution  beyund  this  limit  Is  Im¬ 
practical.  The  application  of  time-domain  fil¬ 
ters  and  their  re^lzablllty  Is  also  discussed. 

I  INTRODUCTION 

The  radar  signal  In  response  to  a  small  point 
target  Is  a  replicaof  the  squared  anienn?  galng^G). 
Because  the  same  aperture  is  used  twice,  for  trans¬ 
mission  and  for  reception,  the  microwave  ampli¬ 
tude  pattern  corresponds  to  an  optical  intensity 
diffraction  pattern.  RAYLEIGH  defined  resolution 
by  reference  to  the  separation  between  the  center 
maximum  and  the  first  null  of  the  diffraction  pat- 
ernl,  and  FREEDMAN  defined  radar  resolution  by 
rrference  to  the  beamwldth^.  RAYLEIGH'S  crl- 
Icilon  gives  resolution  Res  •  d/X  (or  a  one- 
dimensional  aperture  and  Res  •  .82d/X  for  a 
circular  aperture  of  uniform  Illumination. 
FREEDMAN'S  criterion  gives  slightly  smaller 
values. 

Resolution  or  resolving  power  03.1  be  defin¬ 
ed  as  the  Inverse  of  the  minimum  separation  of 
two  or  more  point  objects  which  can  still  be  seen 
apart  with  some  Instrument,  such  as  a  telescope 
or  a  radar  system.  Although  this  appears  to  be  a 
sensible  dellnltlon  of  an  Important  properly.  It 
leads  to  some  difficulties. 

In  communication  resolution  could  similarly 
be  defined  by  reference  to  a  sequence  of  Impulses 
which  can  still  be  separated  or  identified  aRer 
passing  through  some  system  subject  to  distortion 


*F. A. JENKINS  and  H.E.  WHITE:  Fundamentals  of 
Optics.  McGraw-Hill,  N.  Y.,  1950 

^J.  FREEDMAN:  Resolution  In  Radar  Systems. 
P.I.R.E.39,  813-18  (19S1J 


Mid  noise.  There  la  obvioualy  no  other  way  to  re¬ 
solve  this  signal  than  by  naUag  that  It  consists  ot 
different  partawhlchare weUcaacentratedlntlms. 
A  filter  Introduced  for  ths  cahancefoent  of  reaolo- 
tlon  has  to  bring  out  this  property.  Because  each 
communlcsdlon  system  has  only  a  finite  bandwidth 
an  Impulse  Is  always  being  smeared  out  Infinitely 
in  time.  Rigorousreaolgtioa  Is  Impossible  there¬ 
fore,  and  some  arbitrary  criterion  must  belntn^ 
duced.  The  eUects  of  llalte  bandwidth  and  nolne 
will  be  looked  Into  separately;  finally  a  tinae- 
domala  filter  la  Invest  latest 

n.  UMlTATICVtS  DOB  TOFDdTB  BANDWIDTB 

The  signal  slZkWl  (si  x  being snabbrevtatlon 
of  sin  x/x)  is  the  Impulse  response  of  an  Ideal  low- 
pass  of  bandwidth  W.  The  signal  sl^awt,  which  for 
Wt  •  (1/V  .sln6*dA^X  equals  the  squared  antenna 
gain  g2(e)  of  a  one-ditnenslonal  antenna  of  width  d 
and  uniform  illumination^,  requires  the  same 
bandwidth  W  but  a  triangular  spectrum  Instead  ol 
a  flat  one.  RAYLEIGH'S  resolution  of  the  first 
signal  Istwlce  that  of  the  other  one;  FREEDMAN’S 
criterion  gives  dlffereut  values,  too,  although  the 
two  signals  could  be  generated  from  one  another 
(at  least  approximately)  by  a  linear  filler.  The 
fitter  which  would  generate  the  first  signal  Is 
usually  called  the  ’•cgmllaalkm*’  filter. 

Atlmefunctton audits  spectrum  (tor  Instance 
animpulseresponse  andthe  corresponding  system 
function)  are  Fourier  mates  for  which  a  general 
uncertainty  relation  it,  51  >  1  holds*.  The  un¬ 
certainties  5t  and  are  (again  somewhat  arbl- 
trarlly)del!r;ed  as  v,  times  the  mean  normalized 
variance  In  the  t'.ne  and  In  the  frequency  domain, 
respectively.  Tnus  deflnod,  the  uncertainty  cd 
sl^sWt  is  inllnlte,  but  the  uncertainty  of  sl^aW  Is 
^Ti^W  and  Its  uncertainty  prtxhict  Is  1.1,  very 
close  to  the  limit.  Within  allmlted  frequency  band 
the  smallest  uncertainty  product  Is  obtained  for  a 
’•half  cosine" band  shape*.  B  appears,  hence,  that 
uniform  radar  antenna  llluminallonts  not  far  from 
optimum.  A  filter  with  the  purpose  of  Increasing 
resolution  should  aim  at  creating  a  "half  cosine" 
shaped  rather  than  an  "equalized”  frequency  bond. 

From  all  this  It  Is  clear  that  resolution  luust 
be  proportional  to  bandwidth.  There  may  be  some 


^S.  SILVER,  ed.  Mlc rowave  AMenna  Theory  and 
Design.  Rad.  Lab.  Ser.  U,  Mc-Craw-Hlll,  .S.V.. 
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*D.  GABOR:  A  Summary  of  Communication 
Theory.  W,  JACKSON,  ed.  Communication 
Theory,  p  1-33,  Butterworth,  London,  1953 
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dispute  bbout  tbeproparttoobUty  fhetor,  Ml  a  ((ood 
choice  U  to  write  Rec  •  W.  More  accurattiy,  thla 
appearato  be  the  limit  or  Uurobtaiaable  reooluUoii 
with  a  eystem  ai  faaadvMU  V. 

U  there  axe  screral  obtecta  with  aa  optical 
aystem  their  Intensity  pattcma  wUl  add  Uaearly, 
because  o!  Incoherence.  D  there  are  aavcriu 
radar  tyrgeta  Ufi)  their  11(0018  wlU  also  add 
linearly, 

e<0)'  /c*t^-»)hfr»>d> 

('  denoting  proporUooallty).  Alter  taking  the 
Fourier  translorm,  E(e)  '^r(e)lHe)  follows, 
(where  E  and  H  are  the  Iraastorms  of  e  and  h, 
re^ectively).  r(e)^  helng  the  transform  of  the 
squared  gain  la  , 

rfe) '/«»)(:<♦  -y)df 

or  proportional  to  the  coovointlMOf  the  gain  trans¬ 
form  G{*).  The  gain  iUcIf  ln3 

g(0)  ^/u(2irx/a)eap(J2»aA .  ete^dx. 

Taking  the  Fourier  tranaloraa 

u(2tx/a.  h  jje(0  )  exp  (-j3rxA  .sln6)  dalr>8 

It  obtained,  and  thla  la  approKianately  e<|ual  to 

/  g(6)ejcp(-i2f*eA)da'G(i/k) 

because  the  gain  la  very  amall  where  slntl  devlatea 
appreciably  from  9.  Hence,  the  transform  of  the 
gain  !■  proportional  to  the  lUomlnatlon,  and  the 
radar  system  function  '~(d) proportional  to  Us  con¬ 
volution,  U  we  set  U»'lrequency*3  xA.  In  par¬ 
ticular,  because  the  lllamlnaiion  goes  to  zero  for 
lxl’d/2,  the  radar  represents  a  low -pass  flUtr  of 
"bandwldih"  d/>  and  hence  of  possible  resotullon 

d/x. 

More  accurately,  Ibe  radar  represents  two 
such  fillers,  one  for  the  cosine  and  one  for  the 
sine  microwave  conipooenl  (which  can  be  sepa- 
raled  by  a  phase-seosilive  Meclor).  Take  (wo 
point  targets  of  different  phase:  the  microwave 
amplitude  will  then  be  anywhere  between  the  sum 
and  the  dlllerence  of  the  Individual  returns,  de- 
pendingon  the  relative  phase.  Unless  Ihe  relative 
phase  Is  known  a  priori,  nothing  is  gained,  and 
the  two  targets  cannot  be  reserved  better  than  If 
they  had  the  same  piMse. 

So  far,  signals  of  different  amplitude  have 
nut  been  mentioned.  K  is  clear  that  a  pulse  of 
larger  amplitude  will  spread  out  >urthcr  in  lime 
althoughlls  uncertainly staysibe  .same.  The  pulse 
A  bl^sWl  takes  /a  limes  longer  than  8l*jWt  to 
decay  to  the  same  level.  Taxing  this  signal  as 
reproKcnlati vc,  il  is  found  that  Ihe  resolution 
formula  should  be  moCUned  lo  Res  *  W  where 


D  is  the  Urgest  oinplltadersMo  wkach  occen,  or, 
the  dyiBunic  raago. 


One  muet  be  careful  not  to«ivi—e  rceolsflwi 
with  accuracy.  11  aeema  puseiMi,  be  accwatel^- 
apectioo  ol  the  algnal  generated  ^  twe  largnlese. 
to  recogniae  separatlone  iBachMaa21ert^«Lal/W.  * 
The  composite  pattern  might  bclocitad  ^pteacafn- 
log  ol  all  possible  patterns,  Tb  determine  the 
separation  between  two  pulses  la  a  taA  of  accar- 
acy,  however,  and  can  be  driven  well  hsyoert  tin 
resolution  limit.  First  it  most  be  knov^  that  the 
pattern  was  generated  byjttsttwolmpelaea,  wheth¬ 
er  this  knowledge  la  obtained  by  the  proccea  cf 
resolution  or  given.  Even  the  catalog,  apart  from 
the  Impossibility  to  compile  kaflaftdy  many  pat- 
terr.s,  can  orJy  serve  accuracy  or  tdl  "there  Is 
not  only  oue  target;  Lhereareaot  only  two  tsrgats, 
etc". 


It  has  been  ar.uwn,  tlial  nu  liotnr  titter  can 
Improve  resolution  beyowl  a  value  arowul 
Can  a  non-ltnear  filter  help?  A  sqoarlag  device, 
for  Instance,  reduces  Ihe  uncertainty  of  a  pulse 
like  exp(-t^)  by  /If  and  Increases  the  dynamic 
range  from  I)  to  D^.  Hrnreresoluilca  la  increas¬ 
ed  by/aJo  or  not  at  all  11  D  >  3.  A  grealer  r*- 
celver  dynamic  range  la  required.  A  squaring 
device  accentuates  the  dip  betwceapulsca;  the  min¬ 
imum  separation  between  Iwo pulses  al^Wl  which 
makes  for  a  dip  Is .  T/W,  and  the  mlnlmnaa  spacing 
beiweentwo  uuuiimalor  slgnalaaf  bsndwtdUi  Rf  U, 
of  course,  1/2W.  AIhreshold  device,  anothri-non- 
llnear  filter,  admits  only  a  single  ampUlade.  UtUa 
resolution  Improvement  Is  Lbas  expected  from  noa- 
linear  filters  and  It  Is  also  expected  Uad  they  will 
be  easily  disturbed  by  noise. 

The  sampling  theorem  stales  that  only  oac 
amplitude  per  time  Interval  1/ZW  caa  be  tpecUled 
in  Ihe  average*.  It  follows  U&d  averageresoluHoa 
must  be  limited  as  Resa^  -  3W.  Ercnthe  mentloo- 
ed  catalog  win  be  useless  beyond  this  limit,  la 
many  cases  the  original  signal  Is  not  a  sequence  of 
Impul.ses  but  aconllnuous  funetJoa.  Then  the  con¬ 
cept  ol  resolution  becomes  useless  or  has  to  bs 
replaced  by  a  concept  ol  fidelity,  tt  fldelttyis  de¬ 
fined  by  reference  lo  tbe  least  mean  square 
deviation,  Ihe  "equalized"  signal  la  the  best  pos¬ 
sible  approximation  to  tbe  or  iglnal.  *f  Ihe  original 
•Signal  contains  only  frequencies  sp  lo  W,  no  detail 
Is  lost,  ol  course. 


*D.  GABOR:  Collecting  InformaUoa  oa  Partially 
known  Objects.  Z.  KOPAL,  ed.  Sympostura  on 
Astronomical  Opttes  North  WniivnA  Anudeidam 
19S«. 

*S.  GOLDMAN:  Inlormatioa  Theory,  Prentice 
Hall,  N.  Y..  1953. 
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m.  luotatiohs  dub  to  noibb 

b  ft  rtKlv  mftitm  at  l«ut  Um  toUowliig 
kiadi  of  notM  caa  Umtt  or  reduc*  retolutioa: 
<1)  Urcct  ftclaHHftUoa,  (2)  cluttw,  (3)  fttmo^pbaw 
le  turbulence,  (4)aBlefinft  Instability,  (S)trequency 
insubUlty,  W  rrcetver  noise.  From  fta  1»- 
eprcUoa  oi  tbe  pjlsocne can ^mednoUeto 

reduce  reftnlutloR  to  very  roughly  W^l  -  2Aj4/A^ 
where  An  Is  tbe  noise  amplitude  and  A3  la  the 
signal  ampUtnde. 

AH  noise  conipooents  beyond  the  signal  taftod> 
width  W  ■  ed/2rh  (O  E  anlrnna  scan  rate)  can,  at 
course,  be  eliminated  by  a  (liter  without  loss  In  rs- 
solutloa.  (Those  due  to  target  scintillation  may, 
however,  carry  significant  Information  and  can  bs 
utllUed  la  aural  presentation. ) 

Target  sctntUlatlons  are  fluctuations  In  the 
microwave  amplitude  and  phase  and  are  caused  by 
target  motion.  A  SclnUUatlng  target,  such  as  a 
propeller  aircraft,  can  cause  a  radar  signal  with 
several  distinct  peaks  which  can  be  mistaken  (or 
separate  targets.  Target  amplitude  sctntUlaUona 
can  be  eliminated  by  monopulse  radar^.  With  two 
targets  of  fluctuating  phase  present,  the  radar 
signal  amplitude  fluctuates  between  the  sum  and 
the  diflerence  of  the  Individual  signal  ampllludce. 
This  Ouctuallon  could  be  reduced  by  integratioft 
over  several  antenna  sweeps.  But  this  Is  neces* 
saryooly  U  one  tries  to  surpass  the  d/-  limit,  be> 
causefor  greater  target  separation  there  la  essen-'- 
tlally  only  one  target  In  the  beam  at  one  time. 

Clutter  Is  caused  by  radar  reflections  from 
other  objects  near  Uieproper  target  or  targets.  B 
car  be  reduced  only  by  use  of  somedlffercntiattng 
property.  Polarization  techniques  could  help  If 
target  and  clutter  have  dlffereiU  reflectivities  for 
different  polarization,  Doppler  techniques  If  they 
are  moving  differently,  and  also  monopulse^.  At¬ 
mospheric  turbulence  causes  the  beam  to  bend 
and  to  spread  and  there  appears  no  simple  reme- 
dy8.  Antenna  Instability  should  have  a  slrnllar 
efiect.  Frequency  Instability  would  disturb  a 
Doppler  scheme, 

Gaussian  noise  can  best  be  '.uppressed  by 
the  "matched**  filter  which  maximizes  the  ratio 
of  Instantaneous  signal  poner  to  average  noise 


'S.Y.CHAND.  An  Experimental  Study  of  mono- 
pulse  Radar  (or  Ground- clutter  Discrimination. 
1960  i.  R.  C.  MU.  Electronics  Conference 
Record. 

*C.M.ANr.UIX>  and  J.P.RUINA:  Antenna  reso¬ 
lution  is  limited  by  Atmosphe.'lc  Turbulence. 
Presented  at  URSl,  May,  1951. 


povftT^.  For  ftotM  flat  with  frequency  tt  U 
almoet  the  Inverse  nf  the  eqMdlssUoft  filter.  The 
WfEHBlI  filter  restore*  a  eootlmious  algnal  of 
and  atattsUcal  propertlee  In  Gftusslnn  nofee 
acoordlsg  to  the  lenat  neftft  squftre  coadltlcn^. 
Noise  within  the  signal  band  Is  Mppresaed  by  1»- 
tegmUoft  oversevvoftl  antesBft  sweeps  pro  vldedtbe 
targeta  ar*  suOlclenUy  ststtonary.  Tids  can  be 
done  by  means  of  comb  UUerft  which  are  tuned  to 
the  ecan  frequency  d/3«  and  Its  harmonics. 

IV.  A  TDfB-DOhlAlN  FILTEB 

A  ttme-domaln  or  delay-Une  filter  U  ft 
linear  fitter  using  adelay  Una  and  one  or  two  sum¬ 
ming  amplUlers  (Qg. ).  The  line  Is  tapped  ai 
regular  IMervals  T,  the  a^  and  bj  are  real  multi¬ 
pliers.  The  reppoase  (uncUon  Is 

Bq  yt**  ♦  Vf**  ♦  ■  •  •  •*  *N 

E|  zN  .  -  . . . .  -bjj 

where  a  :  exp  (Ts)  has  replaced  the  complex  fre¬ 
quency  s. 


Figure.  Time-Domain  Filter 


B  seems  that  any  desired  function  could  be 
obtained  as  the  output  of  such  a  filter  by  choosing 
the  coefitclents  such  that  th"  demmlnator  becomes 
the  3-lransIorm  o(  the  given  Input  and  the  numer- 
alorthez-trar.sf'jrm  of  \h:  desired  output.  But  (or 
the  filter  to  bo  staMe,  all  poles  must  lie  wlihlii  the 
unit  circle.  They  are  zeros  of  the  denominator 
polynomial  and  their  location  with  respect  to  the 
unit  circle  is  found  by  means  of  the  SCllUR-COHN 
criterion*. 

Such  s  niter  had  been  proposed  to  increase 
radar  resolution,  by  choosing  us  numerator  and 
denorakoalor  recpectlvely  ihe  (sampled)  point  tar¬ 
get  response  ol  a  high  and  a  low  resolution  radar. 
Because  Ihe  gain  is  an  even  (unction,  the  denom¬ 
inator  roust  have  the  shape  I>(z)  r  do  *  diz  .t  .... 

■t  djzN-l  t  <i^N  _  jNxxi/x).  Hence,  with  a 


«M  .  MAROEN:  The  Geometry  of  the  Zeros  of  a 
Polynomial  In  a  Complex  Variable.  Am,  Math. 
80c.,  H.Y..  1M» 
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zero  1/si  mast  be  a  aero,  too,  and  aa  laaajr  aero* 
moat  Ueoolalde  the  unit  drdeaa  tberc  Ua  liialde. 
There  moat  be  N  xeroa  altoKCtbcr;  even lZ(|  •  1  la 
aotaateforatabUUy,  and  the  Ml  er  la  onrral  I xable. 

In  the  frequency  domain  the  anrenllaabtUty 
of  the  filter  la  alao  evidiid.  The  apectruoi  of  the 
hlghreeulutloo  radar  aigna]  exlendato  profiortlon* 
ally  higher  frequenclea,  and  these  Irequenclea  can¬ 
not  be  generated  by  a  linear  filter.  In  a  non- 
feedbocktypc  filler  all  the  b|  are  aero.  U  theflrat 
part  of  the  output  function  la  specified  lober  tloie- 
compr.'Ssed  radar  signal,  a  tall  results  Ti  Ich  la 
several  tlraes  bigbcr  than  the  desired  part  of  the 
output. 

IV.  CONCLUSIOftS 

Ftom  the  Fourier  uncertainly  reUUloa  at 
communication  It  la  concluded  that  the  bandwidth 
of  a  linear  ayslem  and  Ua  optimum  resolution  are 
not  only  proportional  bul  about  equal.  Antenna 
theory  shows  that  a  rxdar  represenia  a  low-pass 
flKer.  The  possible  resolution  of  radar  signals 
and  of  Incoherent  optical  signals  is  bolh  d/X,  the 
ratio  of  aperture  width  over  wavelength.  These 
relations  are  valid  irr  the  Fraunhofer  region  and 
large  d/X.  Whether  foe  us  lag  mlgU  Improve 


resolution  la  not  dlacuaaad.  OnedUferencebctwatsi 
optics  and  radar  is  thd  the  derived  relatlous  hefd 
for  the  two  quadrature  components  of  tha  radar 
signal  rather  than  foe  lla  amplitude.  A  filter 
vlilch  presvpposea  Uacartty  should  deal  with  tha 
two  components  separately.  Thlareqiilrrna  phxnn 
sensitive  detector.  Bol  thie  sppears  not  critical 
If  the  target  spacing  la  beyond  X  /d. 

Acoiracy  and  rcnulatloo  ahould  not  be  coe- 
fuaed;  resolution  la  a  prerequisite  of  accuracy. 
If  the  object  does  not  roast st  of  Isolated  points  aa 
In  astranomy  or  in  a  sky-locking  radar,  but  la 
rather  a  continuous  funcUoo  aa  may  be  the  case  la 
a  ground-looking  radar,  resolution  does  not  make 
sense  and  is  better  replaced  by  a  fidelity  require¬ 
ment.  Tberailarof  maxlmom  resolutlonlsnotalao 
the  radar  ol  leart  mesa  square  error. 

Resolution  la  reduced  by  1//d  U  the  signal 
dynamic  range  D  is  greater  than  one.  Noise  di¬ 
minishes  resolution  by  another  factor.  The  use- 
fulnessof  non-linear  filters  fur  resolution  enhance¬ 
ment  appears  quite  small  and  Is  related  to  dynamic 
range  and  bandwidth.  DiUerert  kinds  of  noise  which 
degrade  resolution  below  d/X  can  be  metwlthvart- 
nus  (liter  and  radar  techniques.  A  certain  time- 
domain  filler  vhlch  had  been  proposed  for  resolo- 
llon  enha.ncement  la  shown  to  be  u-veallzablc. 


It:  Mr.  «.  «.  BklaM  tmA  ». 


sDfluncii  vm  exor  gas  nuks  mob 

J.  R.  Wi^ir,  IkAcr  S1«1*1>|^  0.  B.  Mnl  : 


I  l«,1>wto«y 


:]nM»i:cioa 


■o  mtlafiutasT  laatnMaal>*laB  tar  ati  • 
iBttog  Ui«  pire««urc*i  of  tUch  oltitirtM  wltk 
goa-rcloiar  r«t<«  !•  onotlohlr  •■  tka  ■■taea  at 
tha  earth  today.  Tha  adaotlait  of  tka  fMara, 
aorklxig  cai  spaca  pVatfOraa,  a^r  ka  aatiaflai  viak 
tka  piMiOBc  capacity  of  ootar  aiaia.  bdt  — <1. 
ttw  tloa  ('f  ready  avaUaUAlto  at  aock  taellltlai, 
aa  hare  oo  aartk  mat  provide  jm  mta  eaaeualad 
aork  artaa. 

Faclllttea  ooa  la  aidatcaca  tar  aatntalnine 
loa  preaaures  when  ov*retlac  tacket  aetora  aoA 
Jett  under  alouletad  tdck-altltakc  eaadltt^a  are 
limited  to  preaauraa  of  ooa  adlllarter  at  aanury 
or  sreatar,  l.e.,  alaulated  altltadii  of  JD  adlaa 
or  leta.  The  coat  at  extcndlat  tka  piaylaB 
upaclty  of  auch  flaellltlca  to  alaalale  H0Mr 
altltudaa  ualoa  Roowestiocial  p«ytat  ayaleaa  la 
exorbitant.  The  coat  of  ■ "  »«— FWa  for 

altltuda  alaulatlcxi  vltb  a  l<^|wd  threat 
rocket  antor  la  lUuitratad  la  Takda  1.  Coata 
for  larger  gu>releaja  rataa  aoaU  ka  paopartloo- 
ataly  higher.  If  tha  i  i»ii n  iitinaal  ptxsplng  acttaode 
vcrc  tha  only  ooea  aTallablc.  It  noald  prakakly 
I>c  more  econceilcal  to  9  to  oatcr  apace  for  lota, 
preeture  atudlea  reqoirlBB  hl^  ^a-releaaa  ratea. 


Takla  a 

r>ifU^  Natfeala 

I  .  Recfaanlcai  dlaflaieoMnt 
a.  Ikrtajy  p<ava 
k.  Blomra 


a.  Elffatloo  ptava 
k.  Jat  a.>actora 

3.  Valance  toed  attaelMBt 
a.  Chart  nl  reactloaa 
k.  Cryetallcallca 
e.  Cnndiaiaatlna 
d.  Adaorptlca 
a.  Akaorptlaa 

k.  Mechanical  hand  adtachno 
a.  Adaorptlca 
to.  Abaorptlaa 

).  Katrla  tra^ad 
a.  Xotencnt 
h.  Abaorptlaa 


IkbU  1 

Cooventlonal  Pai^  Reqalretncntd  (or  A  lO-Pound-Thruat  Rocket  Motor 


Pressure  Altitude 
(moi  Hg)  (Hc«s) 


Votstaelrlc  Panptnc 
Rate 


2.6  a  le*  t2  a  10* 
2.6  a  10**  L2  a  10“ 


Number  of  Convert  lonal 
Pumps  Required 

3>sUge 
ejector 
<t  jtuslon 
pumps 

48'lnch 

dbluslun 

puDtps 

Pump  Cost 
(DolUrs) 

Electric 
Erergy  (kw) 

62 

28,000 

2.70  X  10* 

3.76  A  10* 

62 

616,000 

1.59  X  10* 

7.36  *  10* 

Xaproved  poBpl&c  artbod*  irimiy 
■1e^«  tti«  ftpAcc  platrom  will  prwfcwMy  ^ 
Av&ll4bl*  to  the  *veirti^  sclcatlwi  wilkiB  Ui* 

MXt  otvermX  /«arWa 

FtmuG  Ksneoe 

Stu9i«f  to  ecplot^  .dOd  «rncAC7 

vf  potalble  Improved  puB^Bf  terHalqfw  teve 
at  HKL.  laj-ljr  lodlcalloKO  arc  Itet 
wteilal  galpa  io  rtduclDC  of  ;di>- 

aystati  at  high  ■laBltod  Utltudoa 
will  b«  achieved.  PKEnpiog  Miheda  mmjf  h* 
olaiiifSed  oa  ahown  la  Tohla  t. 

Tita  devclofn^sL  of  r*aciraBdcoi-^aplac^inft 
hlgeOly  advajiced,  anl  appm.lahle  i^laa 
lo  ihc  cfflclo)C7  of  CMcb  VMTp*  arc  oot  lively. 

A  tlallar  cor>clusloe  applies  to  thr  ocecoi  Of 
thetc  n<-t>odie,  t^e  accoot^a^^. /wfax  |w^a. 

Hoccot  dc /rlap'.4>ntji  to  t  ikc  efficiency  of  dlffuaSon 
pKMpa  give  p<.-rror~axvce  opproaeMiag  th*  *4«arotloal 


aayjM  of  rueh  dawlcaa.  further  oypLloi  tftmMXm 
are  needed  to  detcntlnc  'U\a  nctcst  of  utlllintl— 
or  tha  wemtnKm  of  rocket  csclmuat  ^aas  1»  tJha 
lower  >n^aur«  regions  of  lotarastp  hut  mmtmrXrX 
^Qo  io  emcSsocy  over  that  attolDSd  la  tha 
higher  yoraaoure  regtoes  ara  not  aatlclyatad* 

gffteicDt  utllltatioo  of  the  rfwimi^ 
oeUndSp  howsverg  give  pronJoas  of  oajor  locraaissi 
1e  p^atplDg  efficirscy.  Reductloo  la  tba  cnala  ad 
Mgh'pkaiplih;*rava  ayatms  by  orders  of  aacpf^=uAa 
appear  to  bt  feasible.  It  appaars  likely  tbag 
toth  f.be  laltihi  hz>d  the  final  costt  say  be 
itataucsd  to  a  frsctloo  of  4  percent  of  costs  wtag 
ti»e  cooventlonal  eystOBs.  Although  knoinad^ 
presently  available  la  lmdeq\Mte  for  a  full 
asscansent  of  th«  galoa  to  be  achieved,  axperl— 
amtal  studies  1h  ac>»«  areas  have  ahowo  rodwetiJaa 
in  coat  as  large  as  three  orders  of  ■aghltada^  sd 
theoretical  studies  Indicate  greater  galoe 
posrible. 


a  a 


»  t 


S  a 


s  t 


fiM  taoarcttarM  rv^iOrva  t«  ^prevlA*  c(7at«a> 
liirtiw  >Dl  rnnflm— ttm  tc€  'mrio>a»  •■«••  at 
fdueat  fttumnm  a«  alnai  ta  rtx*  Xi  Uq^dt 
Bttrefa  twp«if»nim  at  attotpharle  pfaauiaa 
mrti  fultabl*  tor  rwwrtm  aatar  vi90r,  eartea 
dloodAk  asd  1*M  WBlatUa  aubataacaa  to  pra>.atvaa 
of  10*T  ar  lau.  Liquid  Iddrocan  t4«pcrataraa  ara 
raqidral  tor  rmoriat  oajgiio,  altrocan,  aad  aarboa 
■oDOiaa  to  tba  aaaa  low-iccanura  ragloa.  Liquid 
halloi  1  a^ii  I  aturaa  ara  raqulrod  to  raaava  tha 
last  lajar  ceostltatBt  of  lockat  axlmista, 

^rdtOfc^  at  ttaa  Lear  prasturs.  Tnaaa  eurraa 
abo#  Uaa  Ualtlcc  jrcaaoras  attaloabla  ftx  aarlaua 
pura  |M**i  ^  ^  luSP^aC  rataa 

aeUsviLla  la  practical  spstois  wbara  saa  asagilaa 
iismlVy  cootala  appracvabla  tLountt  of  laptirlUaa. 
Suclt  IspurltlsB  ara  tha  eraatest  aourea  of 
ncartala^  la  tba  lotcrpratatloc  of  tha  raaMlts 
of  cs^potaeotal  aeaauruimta.  For  exaatila,  Uqidd 
Bltrottn  tczpc-aturas  oa  pura  earhoo  dloxlda  would 
prorlda  a  irctturc  of  lass  thao  10*12  ataoapharaa. 
A  nooiMBflaTnahl  a  adjead  with  tha  carhon  dloxlta  la 
-the  axtrcaelf  oall  ratio  of  oaa  part  lo  ta 
slllloo  would  raault  ta  aa  oltlaata  praaora  ftaa 
oxdara  of  aa^ilttda  larger. 

Ctolcal  reactlOBO  loAueoA  to  provldo  a 
BOlacBla  with  lower  wapor  preaaura  have  heao  showa 
to  ta  crfactlvc  lo  a  taaber  of  laataacaa.  for 
example,  lo  acM  praaevira  regloos,  tha  axeaaa 
hardrogen  lo  a  rocket  exhaust  aaor  ha  turaad  with 
artarnoUf  aupplltd  o:iqrgco  to  pco^'lda  tha  lower 
vapor  presture  water  aolacula.  Althmgh  thla  la 
not  tha  prloclpal  arrhanlaa.  acM  ehasleal 
rcactloo  prohahly  occurs  lo  loo  pvpa  aal  la  tha 
2cttcrla.t  process  used  la  vee\nss*tuha  evacuatloe. 

goth  adsorptloe  aad  ahaorptlon  jMcplag  aathoda 
have  bcca  dancoatrated  to  ha  affaetlva  la  otmt 
regions  of  lotarest.  Howvvar,  tho  puaptog  ratao 
arc  very  low  at  low  pcssaurcs,  aod  tha  tccbalquco 
do  aot  appear  to  be  attractive  for  use  lo  high, 
raping* rata  s/stcaa.  The  adsorption  pwsplog 
rata  can  ha  Mterlallp  Imeasod  hp  the  use  of 
low-tea'cratvu’e  adaorhents,  sod  lo  sooe  eawas  this 
•ethod  asjr  he  used  to  supploacat  other  techolques. 
Appreclshle  lotaracat  of  ooocoodaosables  occura 
whes  freeilog  out  large  quaotltlei  of  gaa  froa  tba 
exhaust  of  a  rocket  notor  or  other  gts  source. 
These  luterred  ■oleculat  sre  trapped  lo  tha 
crpstal  aatrlx.  In  boot  cues,  such  lotcrBcnt  la 
color  tcBporary,  tba  ■olcculas  cventusJUor  flndlog 
a  wa/  out  xaileso  aoaa  hoad  la  cstahllshad  within 
tho  astrlz. 

Althcugh  sppradaUa  ksowladga  Is  available 
oo  Boat  of  these  oethods  (I'h),  furthar  ascperl. 
■aotal  koowledga  la  ucedad  to  permit  tbs  e^clant 
deslgq  of  s  U*ga  hl(^pusplBg-reta  spata. 
KxjOorator^  cxpcrls>ental  studlea  have  haaa 
oooductad  to  evaliatte  tha  potentiality  of  aoaa  of 
these  wrthods,  aod  ruthcr  studies  arr  continuing. 

xxracDcafAL  resulm 

A  oold-vall  tank  about  ten  feat  long  aod  two 
feat  lo  dlaaiter,  IdcntlflM  aa  a  tM-pl«ss  piaip, 
has  teen  used  for  experl»x>tal  studies.  Ths  teoJi, 
covered  by  sji  Insuiatlog  jacket,  li  Illustrated 
la  Pig.  2.  Liquid  nltrogea  aprlokled  ov«rr  tha 
tank  provides  th«  cooling.  Initial  svac-xatlts 


la  aehlavad  nalog  sa  MCP.JOO  dlffoaiog  pov  aad  a 


Calrcd  haatlng  anlta  mappad  arovnl  tha  twk 
ara  aaad  to  Mstst  la  outMttag.  After  pis^ag 
doaa  to  a  praoauro  of  10*”  aa  Bg  or  loaa,  tha 
toB^  la  eoolaS  to  llqudd'Bltrogse  tsarsratiirs  aad 
taat  0WOS  ara  atalttad  at  oootrollad  imtaa. 
CaamtlOBal  flow  aotora  ara  uaad  for  Baasaring 
tha  flow  rataa.  Tha  proaouraa  attatasd  aa  a 
ftBctloa  of  now  rata  for  varlaua  gaaaa  la  ahooK 
la  fig.  ).  Tha  ptaiplag  rata  (far  air)  of  a 
isawasTlsIl j  avalLahla  hS-la.,  3>atagiv 
fractionating  dlffusioo  ptap  la  showa  oe  tha  saaa 
plot  fer  tba  pnrpoaa  of  oosvarlaoa.  Tha  water 
sapor  puiptBg  nsta  of  tha  tvo.phaa4  p«Bg^  aa 
ahown  by  tha  point  at  tba  upper  left  on  tMa 
fl^oca,  la  graatar  than  that  of  tha  dlffUsloa 
punp  hjr  aora  than  thma  orders  of  aa^dtuda  la 
tha  region  Icrvoatl^tad.  Coagparahla  and  higher 
psaqrlng  rate*  any  be  possible  for  sill  ^iias^ 
psovldad  that  colder  aurfacea  nra  usad. 

At  thaea  large  flow  ratoa,  a  large  ntsshar 
of  anoccmlonashl  o  ^a  aolecuXaa  ara  Intarrad  Igr 
tha  eoutlnuad  avelaaeha  of  eryatalHslag 
partlclaa.  Two  flfferait  gsa  lalata  Into  tha 
ayatoA  one  for  ooooocxlcnsahla  ^aoa  aad  tha 
other  for  eondcooahlo  goaes,  were  uaad  to  Boaouro 
tha  effect.  Tha  praa sura- reduction  ratio  acMesed 
Vy  thla  Bcchtjdax  vsuTea  froa  nagUglhla  vo  about 
id  to  1,  dapaxUog  upon  the  gsa  oowhlnatlen. 

TaUa  3  shows  ths  results  of  saa  of  thaaa  studlaa. 
fni-tber  studies  cus  required  to  satshUsh  tha 
warlatlon  at  ths  passsurs  reduction  ratio  with 


AmjCATxea 

Applications  for  higb-puiplng-rato  loo. 
prasouro  ayatano  ara  found  throughout  tha  fields 
of  sdcntirio  codeavor.  Although  losowladga  la 
atm  inadequate  to  pcralt  tba  design  of  afflelaBt 
engineering  syateas,  an  IdcaUiad  sDosapJ.o  mm,  ba 
weed  to  Illustrate  tho  potasdlal  of  Ijgproved 
paplog  aethods.  for  oxosipla^  ooosldar  tha 
operation  of  the  rocket  lotor  of  Tahla  1  at  a 
elaulated  altitude  of  lOQ  allea.  A  spoetfla 
lapulso  of  2h0  pound- soeoods  glrcs  a  flow  rata 
of  2.h  pounda  of  cxbauat  gasea  par  alcuto  of 
nperatlcn.  AssuM  that  thasa  gases  pass  throogh 
tte-e«  MS'.tsalve  ehanhers,  aa  lUustratad  In 
rig.  h,  tha  first  cooled  with  liquid  nitroga^ 
the  eaccod  with  liquid  hydrogen,  and  tba  third 
with  liquid  ballgi.  Tha  gases  will  eondunas  or 
crywtalllkc  in  tbs  cooled  ehaaboi.  carbea 
dlnslds  and  water  vapor  lo  tba  first,  carboa 
wenoxlde  sad  oxygen  In  tho  scond.  and  hydrogen 
la  the  third,  devo  to  a  prrseura  of  10*”  wm  Bg 
or  less.  All  Qisce  lo  the  rocket  exfocot  except 
hollut  are  condensed  or  crystalUiel  In  those 
chasthers.  AxcT  wrnll  hellia  eooceiitratl'n  wMeh 
Bight  he  present  can  he  evaeuwted  with  a 
relativel;'  snail  conveotlonsd.  pu^dag  tyntna. 

Less  than  50  liters  of  liquid  nltrogsiV 
nos  liter  tf  liquid  hydrogen,  and  2  liters  of 
liquid  hellua  would  ba  wsol  per  ninrjte  of  rockat- 
antor  oprrstlo.<,  asjmiog  l7t(rr>eat  trappliig  to 
ba  90-j-*TCKt\  efflclm.  .  The  cost  of  tlM 
Uqnwriwl  gases  Is  about  1000  tines  lows  thaa  tha 
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eo«t  of  tiM  aiactrlclty  raqutral  for  opt'rattiiK 
ta*  !«■;•  tor  Vm  oonvantlanal  m  pi»^ 

irat«4  la  Tabl*  1.  Eatlaatad  oa«ta  of  tha 
iBirtal  pui9  loKtallatlao  <bow  etaUar  aaTla^a. 
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It  la  ootaelolad  tbat  lap(<OTal  p>ait)las 
taclalirjea  or4<Ti  of  aaffdLtuOa  oora  afflelaot 
ttaan  taoaa  oooveotlonaUy  ua«d  caa  ba  eoottmetat. 
UtlUsatloe  nf  tbeaa  tat^rovel  taclnlquaa  glv* 
pradtea  of  batter  apaea  ataulatlm  than  praaantair 
rttAleal  with  Ugb  «aa>r«le*aa  rataa  la  tba  apaea 
faetltt/.  purttiar  atuUta  ara  naadad  <o  a«>a 
affldant  deataa  a  raaUV> 
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IttjdMatlo* 

Ibu  pap«r  envra  th*  d<v«lo(MM!nt  frvcrai  p«r> 
foiwd  uoder  C—tfdCt  ll».  6133V-313  for  the  0.  M* 
Rival  Iralaia^  Drvtoi  Cantor,  Fort  Wathiot^toa, 

Rm  Tort  Sr  tha  Araow  Keaaarch  Foundation  at 
Cklcaoiio,  lllloola,  TIm  uhjactlva  of  tha  pro- 
grao  woa  cba  davalapoant  of  a  acorlna  ayatao  foe 
OM  la  traial^  aurolota  which  Involve  took  to 
tank  liwaflra  aachaa^o.  In  particular,  what  wan 
daatred  waa  a  alarla  (Tcwlct  (ftcorla4  tytioO 
«(itrb  ro«t4  h€  es9ity  vlth  actuAl 

tanks  so  cksc  wpom  thm  ^firing**  of  s  sla»ul*to4 
roo«4«  tbs  scoring;  systoa  dttarolas  whsilM 

or  *ot  M  odtnsl  roMnri  would  hsvt  acoro4 
tha  target  tsok  a»d  would  sutoiMtlcslly  lodlcato 
tbs  succsss  of  sueb  a  round  by  ths  Igoltloa  oi 
M  mok0  beak  em  tha  tar^st  tank. 

Csweral  Srstso  Dsicrlotloo 

lbs  systsa  is  Wst  Imtroducsd  by  cocuidsrla« 
two  Mjot  s^ystsoa,  ascb  of  which  caa  ba 
discossad  iodsysadantly.  Thsss  two  sjisystsaa 
srs  osflasd  according  to  fuoctloo  and  ara  <oa« 
esmsd  rst|aOStlvs1y  with  tbs  problsas  of  hie 
dstsrainatiaw  and  hit  coOTunlcaciofl.  By  hit 
drtsrwinstloa  la  Maat  ths  procsss  of  docldlag 
wHsthsr  or  aoc  a  parttculsr  sioulstsd  round 
would  hssa  rosoltsd  la  a  hit  on  ths  tank  whisk 
is  tbs  objsct  of  flro.  Bscausa  of  csrcaU  char* 
aetsrUtlca  of  tha  aystso,  thla  dsclsioa  Is 
affsetsd  by  oosoi  of  s^wlpuisat  cn  ths  tank  which 
firad  tbs  round  (rstsrrsd  to  hsrsla  aa  tbs 
sttscklor  taahp  aa  oppossd  to  ths  tsract  tsak 
which  Is  tb«  okjsct  of  lift).  Ths  hie  coaauat* 
catloo  soksyscaa  Is  thsa  concsrntd  with  csnsuml* 
caciag  tbs  iaforaatloa  (froa  ths  sttachloa  to 
tbs  targst  taok)  that  a  bit  has  bjsa  scorsd. 

hit  dstsrwiaatloa  subsyitsa  oparatss  aa 
follows.  At  cba  lastaat  ths  j^ua  trlggsr  la 
pulled  aa  aatrsAsly  high  sntrgy,  ^horC  durstioa 
light  pwlsa  la  lalttatsd  by  asani  of  a  flssh 
tubs.  This  flaab  tubs  is  posltlonsd  on  ths  asla 
of  a  aarrow  aagls  optical  projection  systsa 
which  la  aowatod  rigidly  on  ths  gun  barrel  aad 
which  baa  bssa  bocstightsd  wltn  tbs  |(uaAar*a 
sight.  Ths  awpsralswatlOQ  caa  In  ths  supsislswa* 
tloo  cooputsr  ta  rsaovtd  so  that  If  tbs  guo  la 
correctly  alaad.  tbs  akis  of  ths  projection  sya- 
tea  will  Intersect  soar  portion  of  thn  target 
tank  aod  tba  projected  light  puls#  will  strike 
ths  target,  tba  targot  tarui  turret  la  ssinnClally 
covered  with  w  tstro-ref Isct  Ive  aatsrial  Voown 
as  Scotchlite.  This  asterlsl  hss  the  property 
that  It  will  rnllcct  light  hack  along  ths  Itna 
of  iocidsnce  rather  than  tc  the  usual  atrror 
Issbloo.  By  virtu*  of  this  racro-rsf lactlva 
covering,  tba  aystea  has  tba  property  that  If 
soy  portion  af  tba  target  tank  Is  Interceptsd  by 
the  aali  of  the  projactioo  systta,  light  will  ba 
rsflsctsd  along  tbla  line  hack  to  the  atcacklog 
tsnk.  A  secoad  optical  systKa,  borselghtsd  with 
the  first  aad  caaraliilng  a  cuitsbls  photodstsetoc 
wilt  provide  am  output  puls*  if  ths  guo  is  suit* 
ably  alasd.  Failure  ta  receive  such  a  pulse  la 
la  fact  aa  ladlcatloa  that  the  gus  la  laproparly 
alaodo 


Althoutlk  tt  nm  mmt  ChoR  fa  prnctlco  ■  ajetM 
<i^l«rt«  otUp  KoRcmf  a  »tre>rofloctac 
In  noiao  llaUod  ta  naata  laaa  ckaa  cha  das- 
irod  2SOO  r^,  thia  paoklaa  la  aaallp  ovarcoaa 
hy  anaaa  af  a  aac  af  caoaa  aba  racre>caflactaia 
allaf  cataphata.  Ba  aata|*ara  raflact  a 
htfR  at^Mt  laval  at  tlM  aaofaiaa  raafa.  Ba 
roaaoa  that  tka  ratigfcir.i  sill  aaC  aarva  by 
tbanaalvM  la  that  at  tha  ahottaa  raataa  (nafar 
4bo«t  lOM  yda)  U  la  paaalhla  that  tha  opsteal 
anta  af  tha  roalolaR  ayataa  alll  lacartaet 
aoa*  point  oa  tha  tacaat  taak  aafflniaotly  far 
fro.  tha  eoraar  cahaa  tha  thay  ara  anclodnd 
froa  tho  flolf  of  vioa.  At  thaaa  raa(aa,  how 
ouor,  tha  ratara  (raa  tha  SoaCchllta  Is  ado^aata. 
Flgora  1  ahaaa  tha  ralatlua  alpaal  atraatCh  of 
tha  tcotchllta  aa  a  fgittaa  af  aacla  aaf 
flAura  2  ahaan  tha  aljaal  atraapth  aa  a  faacclaa 
af  tha  raapa. 

In  ordor  ta  fotontaa  ahathar  ar  not  a  hit 
aoald  h*vo  haoa  aaarof  hy  tha  niaalntad  touaf 
ft  ta  asaatlaj  ta  kaaw  aot  oaly  sAatbar  or  not 
tha  pra  la  canactly  ataai,  hat  ahachar  or  aot 
tha  taak  rpa iafn*a  raapa  utlaata  la  acenrata. 
la  cba  davla  ta  ha  daaerthaf.  tha  trua  raata 
ta  cooparaf  vlth  tha  aattaatad  ranpa  to  dacar- 
ulna  If  tha  lattor  la  aafficlaatly  clc.a  to 
corract  far  a  hit  t'.  haaa  raaaltaf  It  n  rouad 
tMta  firad.  Uha  thla  caadltlaa  la  at,  tha 
hit  dataralaaclM  ayataa  'farlfaa*  that  a  hit 
vould  haau  haa  aaaiaf. 

Ih.a  ta  tha  finite  maM  af  tha  cargat,  a 
aaall  amr  la  tha  taapa  aaclaatloa  atll  atlll 
raault  la  •  hit  hat  the  napart  point  will  ha 
htsKar  or  loaar  tha  tha  ate  poCnt.  IVaa  fat 
each  aatiataf  raapa  thara  la  a  band  of  traa 
ranaaa  ever  which  a  kit  will  aecar.  In  panaral, 
thara  ara  actnally  twa  each  raata  band,  or  kit 
tonoa  *  2aaa  #1  which  aiiaofa  aac  from  tha  (wa 
aad  2ona  #2  lAlch  hrachata  tha  atlataf  rate- 
For  aatlMtaf  caapea  laaa  tha  tama  "critical" 
valua.  tha  ta  bit  aaaa  aarpa  ta  fora  a  a  11(10 
hit  cona  antandlap  frau  tha  tim  aut  to  hayoaf 
tha  aatiataf  aaapa. 

Tha  hovodarlaa  of  tha  hit  rare  ara  a  fuaetia 
of  arttal  tarpat  ala  (or  paralatlbla  a' deal 
arrar  to  tarpat'  plaa).  aatlotril  range,  aaf 
projactlla  rra>ada«y.  Iho  ralaclooiblp  hacaa 
thaaa  faetora  la  llloatracaf  la  Fig.  I,  for  tho 
aatuaad  condltla  of  tho  ga  aoula  and  tba  tar* 
gat  center  halng  at  iha  mama  alawatlon.  Odng 
thla  aaawaptla  aad  apaclfylap  a  vartloal  alia 
dlataaa  aaf  proJaettW  typa,  gha  hit  tea 
houndarlaa  vara  ulcalataf  for  the  IIVAF*T,  HWk 
90a  cartrtd^  ad  aro  ahoa  am  iapact  point 
loci  In  rig.  k  tor  aUa  flat  area  of  both  ta 
feat  and  fia  foat.  heta  far  tha  alculatlaoa 
are  taken  fra  hcyartaiK  of  tbr  Aruy  Firing 
Table  mO-R-l.  fataf  traa  tff7.  Tha  hit  nona 
houndarlaa  ca  ha  accaralaly  sapraaantad  by  tha 
aolld  airal^  11a  aagarata  ahowa  In  Fig.  1. 

Tha  abrupt  atap  la  tha  eppar  Halt  (tanga  Func* 
tloo  f2)  af  the  hit  aaa  a  boa  la  this  figure 
rc.ulta  tea  tho  tact  that  far  aatlatad  raagea 
laaa  tha  MO  yarfa  a  loparalaot  loo  la  apfllaf 
to  tha  gap* 
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nc  Of«ratio«  ot  gh^  hit  c<imU*ttPp  fobtyttit 
!•  M  follovt.  A  cMkttaucHMly  ao^vlAta^,  Uifr«r«^, 
oHit4trcGtto<Ml  b€«con  !•  Bovntad  oa  tor  •f  tiM 
t«rg«t  tank.  Tb«  k««€oa  •oAuUtloo  fr«^v«*cy  i« 
4tff«r«nt  for  ««ch  of  tb«  taoki  U 

tbo  •ftorctM*  lafrorod  rodioticn  it  ** 

tlut  tbc  botcoa  wlU  not  rtvtti  tha  ttak  loGtcloa. 

A  ttcond  optlJtl  rtctlvioi^  tytlta  (U  tbit  cttt 
•at  which  Mployt  tu  lafrtrtd  dottctor)  it  loctttd 
•a  cbt  tCtacklnA  tank  and  allAnad  with  tbt  a«lt  of 
cbt  hit  dattrmlnatloo  tubtytcaa  prtvioutljr  dlt^ 
cutvtd.  At  toon  At  tbt  it  tralntd  oa  tha  ttv 
att  ttak,  rtdlacioa  froa  tbt  aodwltCtd  bttcoa  tt* 
ttrt  cha  tofrartd  rtctlvlng  tytcta  and  at  altcCrlc- 
al  tUnal  It  It  th#  hU  dattrolaacloa 

tyitoa  "dacldtt”  Chat  a  hit  vowU  havt  btaa  tcortd 
tht  output  of  tha  iiifrtrtd  ctctlvor  It  coontcttd 
to  tht  laput  ttralaaU  of  a  radio  fre^wtacy  trana* 
Bltttr.  Tbit  radio  frtquency  trantaltctr  la  cap¬ 
able  of  coMmjnlcatlnA  with  tU  part leipttlng  tanka 
U  tht  tvenc  of  tuck  a  hit  tht  radio  fra^utacy 
trantaLtttc  U  koytd  oa  lo-  approala^ttly  0.15  ate 
durlna  which  tl^  tht  atatagt  It  traaaaltt  la  ala- 
ply  tha  output  of  tht  Infrartd  phocodottetor. 
thU  tlgnal  it  of  courao  rtctlvtd  by  all  of  tho 
participating  tonka.  Ualy  ona  of  tha  Ctaka  bm- 
a'/tr  idontlflca  Cha  racalvad  aignal  aa  Ita  cm 
frt^utney.  l.a.,  tha  ont  froa  which  tha  algnal  la 
it  fact  btlng  dtrlvtd.  Tha  fact  chat  a  rafaranca 
algaal  la  arailabla  at  tach  tank  (or  uaa  la  dacod- 
log  or  Identifying  algotla  of  ita  o«m  (ro^uancy 
oakaa  tht  uaa  of  a  pbaat  atoaitiva  daaodulator 
potalhld  Ifl  thlt  appUcatloa.  Tho  cafartnet  pKtaa 
lor  tht  pbatt  atntUlvt  /  raoduUcor  la  dtrlvtd 
dirtctly  fr<ai  tha  bttcoo  on  top  of  tha  tank.  Tbt 
input  to  tht  phatt  aanaicivt  daaK»dulacor  it  tbt 
dtaodulottd  output  o(  tht  radio  frt^utney  rtealvtr. 
If  tht  input  to  tit  phatt  ttntlcivt  draoAjlator  tod 
tha  raftrcnct  algoal  colncldt  in  phata  and  fra* 
putney,  tbt  phaat  atntltivt  doaodulacor  will  havt 
an  output  which  la  takta  aa  aa  indlcatloa  of  a 
kit. 

It  la  Inttreacfog  to  aott  that  if  tht  tcoring 
•  ituatloo  «ftrt  ona  in  which  target  range  la  oot 
laportant,  cHeo  tht  tyataa  deacribad  herein  aa 
|be  hit  cowuntcatloo  ayaCaa  could  be  aaployad  aa 
tba  entlra  acorlng  ayatan. 

Detatlad  Svatra  DeacrlPtton 

The  optical  ayaCca  conaiiti  of  fiva  aajor  coa- 
poaenca:  1)  a  projector  conaiating  of  a  flash 
tube  and  projector  optical  aystca;  2)  a  raceivlog 
optical  ayatca  conaiating  of  coilacting  optica 
and  photooult ipl lar  datactorj  3)  a  coMuolcatloo 
receiving  ayatca  C'naiatlng  of  eollectlr^  optica 
and  a  lead  aulflda  call  aa  acnaor;  k)  retro- 
directive  reflector#  on  target  tank  eonalatiog  of 
Scotchlitc  and  comer  cube  reflectora  and  5)  an 
oonidlrecclonal  aodulattd  light  aource  oa  tirgat 
tank. 

Since  Iteaa  1,  3,  and  3  auat  all  ba  alignad 
with  the  aala  of  the  guo  barrel  all  of  Cheat 
iceaa  were  Included  io  a  alngle  aiaeably  which 
waa  nounted  on  the  gun  barrel »  Til.  Itaaa 
4  and  5.  on  tha  other  Kand»  auat  he  vlalbln 
from  alaoat  any  aapect  and  wera  cKat%*fora  coa- 
blned  in  a  afngle  acattibly  which  waa  aiouoted  oa 
lop  of  the  vupola,  fig.  7.  fig.  i  ahowa  tht 


loctcioa  of  chaaa  aaatabllaa  oa  tha  toak  oad  p«^ 
vldoa  an  oworall  wiov  of  Cha  ^Ityatat  of  tha 
dtvlct  aa  a  aianlattd  eoahat  aiCaatloft« 

la  order  that  accurate  range  lafocaatlaa  aay  ha 
obtained  froa  tht  apt  leal  radar,  the  rla#  tiaa 
of  Cbo  light  pulaa  auat  be  wary  abort  (0.1  ait* 
roatcoad).  Tha  aourco  auat  ha  of  high  istriaala 
brlghcntaa  aiocc  tht  flua  iadlcta*.  oa  tha  phot#* 
tuba  la  a  fuactloa  of  tht  brlghtntaa  of  Cbt 
courct.  Both  conditiona  of  abort  duration  a*i4 
high  brightataa  wart  adequately  aatiafiad  la 
CC  flaab  tube  ft  350»  operated  with  0.1  aicro* 
farad  at  juat  taider  braakdowa  voltaga  (2700-3200 
V). 

Siaca  Che  detector  uaed  ta  tho  optical  radar 
auat  receive  pulaea  of  radiation  with  abort  riaa 
claea  (0.1  alcroaecond)  and  aalatala  tho  wavtfoni 
of  tha  aignal,  a  photooaltalvn  device  auat  be 
used.  A  aultiplier  typt  photeCvbe  OuHoni  6447 
waa  choaen  for  convenlenct  alnco  it  provided  a 
high  aignal  output  without  high  gala  aapliftera* 

In  order  thtt  tbt  optical  r nannication  ayatoa 
aay  operate  with  viatial  atcurlty,  either  lofrarod 
or  ulCrtvLoltt  radiotloo  aoat  be  owed.  Infrared 
waa  Che  choice  becauae  of  the  high  acattarlng  of 
ultraviolet  aa  well  aa  tha  difficulty  of  making 
an  ultraviolet  aourca  Invialblo  to  young  ohaarenra. 
A  lead  aulfide  call  waa  cboaen  aa  tha  dotcetor, 
and  the  tranaolaaton  of  tha  filter  ov«r  the  light 
aource  cKoaen  ao  aa  to  pemlt  operactoa  from  0.7 
to  3.8  aicrona. 

Tha  rang#  function#  No.  1  and  Bo.  2  ahown  in 
the  hit  deceratnat Ion  block  diagtaa  of  Fig.  f 
have  voltage  valuta  which  am  detemtned  by  ibn 
range  aat  Into  the  t-31  balllatic  coapniter  by 
the  Tank  Cmmandar.  the  range  fenecton  it*  1 
repreaente  tha  lowar  boundary  of  the  hit  aoat 
drawn  La  fig.  S,  with  50  alULvoUa  corraapcndlag 
to  1  yard  on  the  ordinate  acnle.  The  range 
function  No.  2  representa  the  upper  bcuodary  el 
the  hit  cooe.  Since  tha  Input  abaft  of  tba  T-St 
coaqiuter  fa  logarlthMic  tad  mtataa  23.5  liana 
for  a  30  db  change  lu  range  (5000  to  500  yarda)» 
the  rotatloQ  le  cranaaltted  !•  a  20  dh  logarithm 
al<  potentioowter  by  a  chela  aad  aarlca  of  gtara 
which  have  a  23.5  to  1  total  ratio.  A  llaaar 
ralatlonahlp  bctvcoa  the  voltage  at  tba  output 
of  Che  potenll<^ttr  and  the  rchge  oot  ou  tha 
T-31  coaputer  reaulto.  tba  alopa-i  porticoa  of 
the  rnnge  fuactiona  Mo.  1  mod  So.  2  are  then 
obtained  by  ualng  awlcable  dividing  natvorka  at 
the  output  of  the  potent  loaater.  Tba  dlacontin* 
uUlee  that  the  raaga  (unetlona  So.  1  and  Ito.  2 
contain  are  produced  by  attachla^  a  can  to  tba 
poteatlooetor  abaft  and  rwitebUg  tha  Input  ta  the 
ceaparatora  No.  I  and  No.  3  from  tba  potentloantar 
to  opproprlate  dividing  uatwerka  at  tha  propar 
raagaa. 

In  order  to  aako  50  ailltvolta  corcaepood  tn 
I  yard,  tha  reap  ganarater  voltaga  aaat  ba  at 
50  volte  when  the  light  froai  tha  flaah  laip  haa 
traveled  2000  yerda  (1000  ynrda  to  tba  target  and 
1000  yarde  return).  The  light  will  traval  2000 
yard#  in  2000  ■  4.1  «  10  aacanda,  tinea 

328  K  10  *  . 

light  cravela  328  a  10  *  yard#  par  aacond.  g« 
t*  a  reap  voltaga  auat  riaa  at  tha  mta  of 

- _ 50-  e  8.2  »  10*  volta 

6.1  a  lO**  aacond. 


ft  daasMtraM  Cha  apTMtl—  af  tba  hit  fttair- 
elutloa  iTataai.  U  vtll  ha  aaanaa<  that  tha 
tak  I  iMiiilnr  at hMta4  tha  raa^a  al  a  carfac 
talk  aa  lOOQ  y««4a  aaH  cht  kha  gaa  La  prarafly 
ataa4  at  thU  targat  ftak.  Uhaa  tha  gaa  U 
(Iraa.  tha  rT-t30  |aa  Machar^a  laag  jcada  at  a 
hl(k  fraqaaecy  palaa  at  ll^ht.  Tha  tlachtga 
al  tha  la^  avltchaa  htatabla  aalClvihrtt 
(I.H.V.3  #l  to  tha  gaatttaa  ahlch  ta  call  "aa*. 

(fta  aaltchlas  o(  tha  aatii  alaaaata  at  tha  alt 
Mcialiiatlaa  ajataa  aia  lllaatrtat  aa  a 
tlatas  chart  la  Ftc.  10).  Tha  cathaka  fallaaar 
e(  oaaraa  U  alaa  attchak  to  aa  ‘aa*  paatttaa. 
ftU  la  tara  atarta  tha  rmtf  taaaratar  which 
kallka  ap  a  voltata  liaaarl^  with  tiaa  t  tha 
rata  eoapotak  ah^aa  (•■]  a  10*  oolta  ). 

accao4a 

ftrthamanTa,  tha  laaata  ta  Aak  Gata  #3  ara  mam 

I. IUT.  )1  'oa'  aak  IJI.f.  #2  ’‘off*'.  Thla  earn- 
klaatloa  of  lapt*  aahaa  kak  Cato  Oa.  3  to* 
capttoc  to  a  rotoralia  lltht  polaa  which  U 
rclaja4  to  tha  sata  fraa  tha  ghoto-aaltlkltar 
aak  Ita  caaoclatok  tgllflor. 

Slaca  tha  tavsct  mga  aattaatak  by  tha  taak 
triaaanilrc  la  1000  yarkh.  tha  raasa  (aactloa  Ha. 

]  will  ha*a  a  weltast  attla(  «Alch  corraagoaka 
t<  740  (aaa  tts-  llyarka  or  740  a  30  a 
10'*  r  37  voUa.  Tht  altar  37  a  4.5 
alcroaacooda  tha  0.2  a  10^ 

eoayaaatar  #1  will 

yrokuea  a  pulaa.  Thla  golaa  turoa  oa  hlatahla 
auUlvJLbrater  (O.N.*.)  #2.  Whao  t.M.V.  #2  coca 
on,  Ab4  Gaea  il  hacoaaa  racaptlva  ta  a  rctoralac 
Utbt  palaa,  tilta  Aak  Cata  03  ta  oo  toegar 
racaptlva.  laaga  ftaetloa  tt  will  hava  tha 
nlcagc  acttlag  which  cerreapooka  to  1170  parka 
(tea  rit.  ft.  3)  t  1170  *  iO  M  10*^  :  30.3 
wlta.  Thao  alt*!  a  7.1  alcaoaacoaka 

0.2  a  to* 

tha  catTaratoc  So.  2  wilt  prokta  a  palaa.  Thla 
palaa  turoa  oil  t.lLT.  #1  aak  Ita  aaaoclatak 
cacboko  followor. 

Whoa  tha  cathoka  lallawar  la  toraak  all,  It 
toma  off  0.11.?.  02  ahlch  awkaa  kok  Cata  01  aw 
racaptlva  ro  a  lltbt  polaa,  ank  at  tha  esa 
^tlaa  It  tvma  oa  aoooatabla  outetvibrator  <11.11.^ 

Vi  vhtch  aakaa  Aak  Cata  04  racaptlva  to  a  rotarw 
U(  light  polaa.  04  raaalaa  oa  for  10 

alcroaacoQka  aak  thra  goaa  tc  tha  off  posltLoa 
vklch  aakaa  Aaa  Cata  #0  oaroooptlva  to  a  light 
polaa.  It  ahoulk  ho  aatok  that  of  tha  tbroo  Aak 
Catca,  ooa  aak  ooly  ooa  la  rooaptlro  to  the  rocurw 
tatltSht  pulaa  at  mj  pawticalar  loaraot  of  tlaa 
thtougbout  tba  critical  13  aicroaocook  portok 
(ollowlag  tha  f  Iriag  of  tha  alaotlacor.  If  Aak 
Cata  03  la  ta  a  rrotptlvo  atata  whoa  tWo  rofloctok 
ll{ht  pulaa  fra  tha  target  La  rooalvck.  tha  Coca 
p«ta  oiat  a  pulaa  whldh  trlgeara  II.II.T.  03  ahlch 
tama  oa  tba  “over*  it^tt  for  opproxlaotolp  two 
aaccoka.  If  kak  Cata  #1  la  la  a  racaptlva  atata 
whao  tha  pulaa  La  rocatvok,  tha  Cata  pwta  mat  a 
pulaa  achlck  trLggora  ■.N.T.  07  aak  II.II.7.  03.  H. 
M.V.  #7  turoa  oo  tba  ^On  Targat"  light  for  opprow 
laatclp  two  aocooka.  IL.M.V.  03  tuiaa  ow  tho  Crana* 
oittar  for  approalaotolp  230  ollllaocoako.  If  Aak 
Cata  #A  La  la  a  rocopclvo  atata  wha»  tha  polaa  la 
cacalvok,  tha  Cata  pota  out  a  polaa  ahlch  trlggr.a 

II. M.V.  04  uhleh  turoa  mm  tho  'ohort"  light  far 
approalaMtalp  two  oocoako. 


la 

•» 


la  tho  eaoa  of  a  tha  ootpak 

B.h.V.  #3  wh«  tt  La  trligorak  twroa  oa  a 
CEaaaaittar  for  abowt  130  aUllareoaka.  I 
wlotloa  for  tho  rcklo  traaaalttar  la 
tha  aatpwt  of  tba  leak  aolflka  kotoctor 
aaaoos  aokolatok  latrarok  raklatlaa  fra 
taah  halag  flrok  wpoa.  Thuo  tha  f 
tha  aokolatloo  appllak  to  tho  rakla  t 
la  pcoctaalp  tha  aaas  aa  that  of 
mi  tha  latrarok  raklatlaa.  Al 
anftloToi  lafrorak  raklatlaa  coatlooioBlp 
aach  taak  oaco  a  klffaraot  aakalatlao  fi 
fa  tha  hawk  of  300  ta  1000  cyelaa  gar 


Elt  ftcaivor  aok  taklcktar 

Tha  rakta  rocalvara  la  all  taoha  ara  oa  at  at 
tlaao  oacopt  far  the  racaluot  ta  a  “ftrlas' t^ 
which  la  off  for  tho  130  ■llllioccaft  that  Ita 
tcaaoatetar  la  oo.  Thua  all  t 
oaa  "flrtas**.  recatvo  aay  aak  kll  rakla  i 
alaaloM  froa  othar  tanka. 

Tha  oatput  of  tho  radio  rocoluaro  la  a  algMt 
at  tha  aekulattoa  fraguoacp  of  tha  rakla  tcaaa- 
alaoloa.  Aa  obowo  la  Fig  11.  thla  atgaai  ft 
appllak  ta  a  lhaaa  Saaalttvo  Datactar  (fM) 
aloag  with  a  roferonew  algaal  proa Ik ok  hp  a 
pbotacall  ikilch  vlawa  tha  taok'o  owa  i 
lafrmrok  aourco. 

Tha  octlaa  of  tha  KS  caa  ha  caaatk 
of  aa  lottontootnoo  aultlpllar.  Thua  1 
laotaatoiirnuo  oatput  lo  prcportloaol  to 
laotootononwo  product  of  tha  two  log of  al 
With  two  oT«aro  wauo  loputo  of  klffaraot 
^eolol  frogocacUa,  tha  TSO  owtpat  will 
of  aa  ac  uoltagc  whoaa  frc^ucacp  ceagOMota  act 
ouwo  oak  kllforcacao  of  tb«  okk  latogcr  «aalti> 
plos  of  tho  two  Input  fuakanaatol  frogwrlog 
■ok  will  hava  ao  kc  ceapeoaot.  ■owtoov,  whoa 
tho  two  lapot*  ara  of  proclaolp  tho  aoaa  (rw 
goeaep.  oak  la  phoaa,  tho  tlO  output  will  saw 
alat  of  a  kc  lavtl.  If  tho  phoaos  of  tha  tww 
algaala  oro  oet  tha  asaa,  tho  kc  lovol  will  hs 
lowoT  (tc  hrcosco  ooro  at  M7  kagroos  aak  27* 
kagroaa)  oak  la  akdlttoa,  then  will  ha  on  ac 
voltage  whooo  frogoooep  ccaynaooto  aro 
■oltlplos  of  twice  tho  fuDkoBOBtal  fr 

la  the  taak  which  hoa  hoaa  fUok  upas,  tha 
two  algaala  applted  to  tho  ns  will  hava  paw 
cUolp  the  oaao  frogueaep  olaea  both  ofgaala  ahw 
kortv^  frow  tho  ooaa  aokolatok  tafmwk  aaaewa 
(via  a  radio  llak  la  ooa  caao).  Thla  la  llUw 
trarek  la  Pig.  12.  la  all  othar  Caaka,  tho  how 
algaala  will  hau*  fraquaacloa  that  aro  klffa 
by  at  laaat  3  par  coot.  Thus,  tha  tooh  which 
hoo  hen  fired  up.>o  la  Che  ocilp  oaa  < 
will  have  a  kc  eropoacot  Is  ita 

TW  ooCput  of  tho  rSP  la  put  throogh  a 
filter  to  teaovo  oay  ac  coapeoaato  aak  thanhp 
facllltata  rccognltloa  of  (ha  kc  ro^oaaaC.  U 
aay  kc  cowpooant  la  prcooot.  It  will  actwata  m 
relay  which  ta  tun  oaargtaas  tha  tgaltor  mi  m 
oaoho  hcoh.  ka  akkltlooal  coot  act  ea  thu  ralay 
la  avatlahlo  lor  oaj  oxtoraal  uaa  aoch  aa  kfa 
obi  lag  the  *— * 


Althoogh  the  syoton  uhleh  has  Woa 


M«  awl^M  ^paculcallj  f*7  tiM  eaak  ^wr>— 
talk  gmmmtt  altBatlM,  It  U  palatal  aat  tliat 
it  kia  ^fUratlaa  ta  mtuy  otbar  aunaary  alt- 
aatisa.  HkHa  tka  aaa  of  Seecehllca  aloaa  aa 
a  tarsac  aacaa-raflacter  llalta  tka  aaal—  (aapa 
C*  ■■rtHai  takar  a  alia,  tka  maa  of  klfk  ^aal- 
ixj  nraikiTra  la  caakinatlaa  wltk  klakar  aaargy 
a^  klackaaia  aaaccaa  paialt  oparatloa  of  a 
spataa  kaaal  aa  tka  aptlcal  takar  priactplaa  ta 
ka  iitiafif  ta  tka  er4ar  af  10  allaa.  It  la 
alaa  faU  tkat  U  ta  lapartaat  ta  raitarata 
aka  tkat  tka  lafcarat  kit  caaaMalcaCIaaa 
•yata  ^aalkat  karala  cooM  aaraa  aa  a  ea^lata 
kit  acoal^  ajatta  la  aa  appllcatloa  tAIck  dU 
aialaatlaa  ai  raata  aatlata. 


Ikt  aock  laadli^  ta  tka  raaulta  praaaatad  U 
CkU  [If —  aaa  tka  cadblaad  effort  at  aaay 
poaplo*  fcaaaaTp  tka  aoat  aukataotlal  caotrlk- 
Mtlaao  ta  tka  pcapraa  tmra  aada  ky  M.  T. 
•ata.  filar  IkyaUlat,  Mr.  S.  M.  Caaaroa. 
Saalar  Sctaatlat,  aad  Mr.  E.  f.  Orata, 


MUBBtaOM.  MDOU  CT  NOUXtU  OOML  JUTMII 

ST;  Dr.  Airlri  SMaMTSU 
■uU  Lrvyt  Qactraale*,  Taeorsontta* 


Da  toawtlcaal  laerilal  narlsatlaa  «al  y»H— ca 
ajrataM,  mama  torm  at  atablUscd  at^rr  or  *at*- 
blc  platfanT  la  uaad  aa  a  aourca  of  aarleatloaal 
data.  TMa  platfoia  la  aalotainad  la  a  flxad  or 
knova  apaMal  attltwSa  ralatlva  to  a  nfara«« 
eoorllaata  trmm,  vMch  aajr  bo  flaed  ralatlva  to 
iaartlal  apaco  or  cootroUad  rolatloa  to  a  local 
vertical.  Tlw  attitude  of  the  vebiela  vbleb  la 
belac  laartlallr  aavlcatcd  or  (ulded  aif  tben  be 
deteaaloed  relative  to  thla  reference  coordiaata 
fraar  b;  direct  aeaaureiicat  of  tbt  attlt^e  of 
the  atablc  platftra  relative  to  tin  vehicle  bodjr 
axea.  In  the  caac  of  a  highly  aanaeverablc  vefal. 
clo,  thla  attitude  aay  vary  arbitrarllj.  To  (!*• 
the  atejhle  platfom  complete  freedon  of  attitude 
relative  to  the  vehicle,  a  nultiplc  glAal  aount- 
log  la  generally  uaed.  TMa  oountlng  Involve!  at 
leait  three  g;1  Aale  (one  per  degree  of  freedOa), 
one  wl'Jda  the  other. 

1  receat  trad  la  the  Inertial  eyetena  field  Is 
thet  of  keeping  track  of  the  vehlde'a  attitude 
cvggcitotloeMinj.  rather  thaa  by  neneuivamt  of 
plveical  slahai  angle!  In  aa  actual  atahiUaed 
platfoxa.  la  thle  type  of  eyeto,  vMch  baa  beaa 
varioialy  called  *g*ahalleii*',  "so  glnhal*,  and 
'atrapped  down*,  a  co^nitcr,  uaually  digital, 
operates  on  the  output!  of  vehlele-ftxed  seniors 
la  such  a  any  ae  to  continually  cai«ula  tha  eaa>. 
pcnenla  of  vehlel*  attituda.  Om  fbra  vhlch 
these  ocstnoente  any  take  ie  that  of  Culerlaa 
aaglea  •  la  other  vorda,  that  of  tha  glidial 
onglca  ahlch  tould  have  eMeted  had  a  ctahlUrad 
platfoa  eagiloying  a  certain  thrte.glAal  ooa- 
flgvntlOB  baea  uead. 

The  'gletnllree*  approach  tmj  he  caalrested  vrltb 
the  cmvtstloaal  ateble  plat  fora  eiproach  es  fhl. 
Ima:  Uhea  e  plqrelcai  platforei  If  used,  the 
gyTOecqpea  or  other  etehiUelng  elexsoite  ufaldb 
the  platfon  cerrlee  Bake  the  platfbra  reelct  eay 
attest  to  change  Ite  ettitiale  relative  to  tha 
reference  ftaae.  When  an  argular  nation  relative 
to  the  reference  fnuie  is  experienced  hy  the  v*. 
Mele,  the  platfom  thus  eiatntaine  Its  attitode 
relative  to  thle  fraae,  and  eooseiiucntly  changes 
its  attitude  relative  to  tha  vehicle.  The  reeulh 
ent  rotation  of  the  glihale  le  thus  ea  Indicator 
of  the  vehlcleb  attitude.  In  the  'giahalleas' 
approach,  on  the  other  haa.1,  cha.’^ea  iu  the  ve¬ 
hicle's  edtltudc  are  sensed  by  vehlcle-flxed  to- 
tatioa  aenaors  sucb  as  rate  gyros.  The  sensed 
coaryooentta  of  tha  vehicle's  attitude  change  are 
used  an  Inputs  to  the  coqputcr  vhlch  Inetruacuta 
the  'jgientaa  atablllced  platfon*.  The  cosputar 
vaea  these  livputa,  together  vltb  the  Initial 
values  of  the  co^njted  glchal  angles,  to  deter- 
nine  tie  clabal  angle  rates  of  change  resulting 
fron  the  uru  inputs,  and  it  Integrates  thesa 
rates  to  ap..date  the  co^iuted  glsdnO.  angles. 


Tbe  trend  to  glsAallass  InatrianiitetliM  of  Inar 
tlal  navlgntloD  and  guidance  eyetena  ta  tbas  Sban 
to  proTlda  a  novel  ar>tlvatlan  fhr  tha  MthenakS* 
enl  alssOatlon  of  nultlpla  glnhal  ayataaa.  Tin 
amhor'a  lotereet  In  thle  prohlan,  la  fact,  «nn 
aromed  la  coonactloa  vltb  a  pragraa  nf  glibale 
leas  inertial  eyateaa  analysla  vlth  which  ha  was 
aaaa  ated  aoae  tine  ago  at  rord  Instruaenk  0a». 
psn;^.  Incidentally,  POrd  Inatnnent  OaVaajr's 
dihnlXeas  Inertial  ayaten  doss  not  alilata  a 
stablUeed  p?atfoni  and  dose  not  ooevuta  nlaalaB 
anglas.  This  ayatca,  detalls^f  vMcb  are  elaa- 
alflcd,  ttaos  beers  little  or  oo  raso^laon  to 
tbe  eAjact  natter  of  the  preaeat  paver. 

la  thla  papar,  alevMflcd  aathrmtleal  aadala  of 
wltlple  glahal  ayataa  will  be  dlecunaad.  BV)a> 
tloM  deaerlblng  the  relatles>ahlp  batwaia  tbs 
a-g-iee  iivuts  and  the  ci^»l  anglea  will  bo 
written,  nid  aone  of  the  prohlana  Involved  la  the 
anelytlcnl  solution  of  thees  sgustl^M  *111  bo 
dlscuasad- 


begin  the  dleeuaeloa,  tha  case  of  a  ttroa  cla> 
bal  eonflgurettoo,  correepondlag  to  a  Uona  axis 
atsblUted  platfom, will  ha  oonsldered.  A  tjpl> 
enl  throe  glaheJ.  coaflguretlon  It  shown  la  ngura 
D.  (Tbe  lahellng  of  tha  gtabals  as  B,  t,  and  I 
■ly  ba  thought  of  aa  eorreeponJing  to  tha  ptgnat- 
eal  anglea  *roll*,  "pitch*,  and  *haaiUn|f)  If 
Ckitcsiaa  coordiaata  ayetms  are  Ineginad  tp  ba 
attached  to  the  vehicle  and  to  the  aueceaalTO 
global  rlaga,  as  indlcttad  la  figure  1,  than  tbs 
relatlonahlps  hctweai  thesa  aoccctalvs  coordiaata 
■ytem  for  arbitrary  values  of  tha  throe  g^dtal 
aaglaa  are  suaarliad  In  ngnra  2. 

Stggiuse  ao*  that  the  vehicle  la  aibjactad  to  an 
aagnlar  velocity  wboee  vehicle  body  alia  ao» 
pooaota  as  functions  of  tlaa  am  kaoea.  Xe  ardar 
fhr  the  platfom  carried  hy  tha  throe  gliteX  00^ 
ngxaretloa  to  reaala  etahla  ueder  thla  angnlar 
aotlon.  It  la  necessary  that  each  of  theca  eca- 
pnaenta  of  tha  lepoecd  angular  veloolty  vector  ba 
CBctly  eaacaled  out  by  the  siea  of  tha  eoryaapanb 
Ing  ocxgeocBta  of  the  glnbel  aasla  nktea.  Dslag 
the  coordinate  eonvcrtloa  rdatlona  of  Ilgam  8, 
thesa  glopel  angle  retee  nay  ba  rasolved  lato 
vehicle  body  axis  cct^omts.  Uhea  thla  la  daa*e 
tha  conditions  Just  osecrlhad  my  bo  orlttan  aa 
relations  betvocs  tbe  aensurad  liginaid 
rota  aam^ooefitm,  tbe  glahal  angls  rotaa,  and  tha 
cm'egt  values  of  tha  glahal  aaglaa.  Thias  ra- 
IxtlanoUDs  are  shova  In  ricura  3.  Tba  sfmtlcao 
sf  Flgu.-s  .<  thus  afford  a  asthmatleal 
of  tha  behavior  of  the  three  glahal  ootiflgor^’ 
tUoiB  of  rig  ro  1  under  an  atbitmry  ao>^ular  rata 
lm<st.  By  solving  this  eystaa  of  alaultamous 
dlffenmtlal  eijuntlcos  for  the  t<-^i  si^lso  I, 
f  end  B,  the  physlcsl  heharler  of  a  tbres  glebsl 


I 


pl>tnm  eaa  thus  h«  slulstsa. 


Aa  thoat  fhaiUtr  vSth  tka  daaica  of  rtahlllatt 
plartfsna  v«U.  kaov,  houaver,  than  «clat  sltau> 
tlcau  In  vhlch  tba  cyatan  of  a<iuatlooa  ahoun  la 
Flgura  3  cannot  be  solved.  Sx^poaa,  for  amai^la, 
that  a  stabUlud  platfon  haa  gotten  Into  a 
situation  In  uhlth  the  cosine  of  the  glabal  angte 
t  la  equal  to  xeto.  Ulth  rafercset  to  the  papa 
ett7  of  Flgur*  1,  It  la  seen  tbat  t^a  altuatloa 
oorresponda  to  a  P  glital  angla  of  •90*,  iriilch 
has  the  effect  of  sahing  all  three  giahal  aasa 
voplsnar.  This  situation  la  coaonljr  know  ae 
one  of  r.labal  lock-  In  the  case  of  a  plgraieal 
platfona,  vben  this  situation  occurs,  the  plat* 
fora  becoaea  Incipsblc  of  coss>eassting  for  any 
eovooent  of  sscuisr  rate  about  the  llna  perpen¬ 
dicular  to  the  comCQ  plane  of  the  three  glnbal 
axea.  The  ctablUty  of  the  plalfora  can  thus  an 
looeer  he  anlntalned  In  general.  A  almllhr  alt- 
uatlos  holds  for  the  phsntoa  platfona  repr<  acBtad 
by  the  equations  of  Pljure  3-  Vben  the  co  a  of 
the  elobal  angle  P  Is  equal  to  rero,  these  equa¬ 
tions  suffer  vbat  night  be  called  "aathemtlcal 
glnbal  lock'.  In  fact,  the  equations  bccoae  aa 
sbovn  In  Figure  k.  It  vlH  be  noted  that  the 
last  tvo  equations  of  Figure  h  are  In  general 
consistent,  vhlle  the  first  ooc  Is  eoblguoua. 

The  Bathesatlcslly  sljaulatcd  three  qIsAmI  co»- 
flgurstlon  thus  suffers  froei  the  sans  falUnga 
ss  does  the  corrtspondlns  physlesl  atablUsad 
platlora. 

To  avoid  the  cUbal  lock  problea  lobereot  la 
thres  glabnl  configurations,  stable  platfora  da- 
nleZxrs  hive  foqcd  It  ttp-ilest  to  add  a  fourth 
glahal.  A  typical  four  gl^al  configuration  la 
sbovn  In  Figure  J.  In  the  noned  position,  vlth 
all  gUbal  angles  scro  ss  sbovn  la  this  flgurt, 
the  InnenaoBt  glsbal  (labeled  1)  Is  eolUiMar 
vlth  the  outenaust  or  K  gldbal.  If  coordlnsta 
systems  are  once  sgala  attached  to  the  cdstel 
rings  as  sbovn,  the  needed  coordinate  relatlooB 
become  those  sbovn  In  Figure  2  totetber  vlth  an 
additional  one,  as  seen  In  Figure  C.  The  ra- 
qul resents  for  a  four  global  plstfom  to  reaala 
stable  under  an  arbitrary  angular  Inp'st  asy  be 
described  physlthUy  la  exactly  the  sssc  nannar 
as  vss  done  for  tbe  three  glabol  confieuratlaa; 
nanely,  eoch  component  of  the  Inposed  angular 
velocity  vector  oust  be  exactly  canceled  by  the 
stss  of  tbe  corresponding  cossnneiits  of  the  Ihur 
gUnbal  sngle  rates.  If  the  coordinate  relotlooe 
of  Figure  6  are  used  to  cosqrutc  these  global 
angle  rate  coQiooents,  the  stability  equatloan 
vhlcb  result  arc  sbovn  In  Plgurs  ?• 

Tbe  addition  of  tbe  fourth  global  dose  not  la 
Itself,  hovever,  suffice  to  cllalnste  tha  glrfwl 
loch  problen.  Suppose,  In  fact,  that  tha  eoalnaa 
of  both  of  the  Interacdlate  gimbals  P  and  I  ora 
lero.  I'lth  reference  to  Figure  5,  tfus  cur- 
responds  to  the  physical  situation  In  vhlch  oU 
four  glnbal  axes  are  coplaoar.  dearly,  uhea 


this  haiipeaa  thu  phyaleal  otahlUoal  platftita  h»- 
eoii  Incapebla  of  rcapondlr^  to  li^oaod  igular 
ti^uts  shout  an  axis  pcipcndlcular  to  the  eoBoa 
plana  of  tha  glAal  anas.  TO  tbla  phyalenl  gl» 
hoi  lock  altuatlOB  there  oooa  again  eoTTCwnada 
n  eathaaadlcal  cIMmI  lock  altuatloa.  SpaelCl- 
aally,  the  equotlooa  of  Figure  7  oou  beoaao  aa 
ahovn  tn  Figure  6,  vber*  It  Is  seen  that  the 
last  two  equatlooa  ara  la  gcacral  InconalatoOt, 
iddle  the  flrat  ooc  la  soblguoua,  juat  oa  la  tha 
caaa  of  the  three  cooflguratloo. 

The  presence  of  the  fourth  global  doca,  kawerer, 
atke  It  posaihle  to  aolea  the  global  lock  pmbloa 
by  a  highly  ingcBloue  device.  Specifically,  It 
■akca  It  poealbla  to  l^tosc  a  constralat  oa  the 
glabal  aiwlca  vhlle  ctlU  retaining  a  ruftlcleiA 
■uober  of  degreet  of  freedoo  (naaely,  three)  to 
allow  platform  stability.  Purtbermore,  It  (uma 
•ut  to  be  possible  to  foimilats  this  condition 
la  such  a  way  aa  to  prevent  tbe  four  glabal  asoa 
froB  ever  becoalng  coplanar,  so  that  glabal  lock 
bcooocs  Isvosslbla.  la  typical  four  glnbal  c«^ 
figuration  designs,  the  condition  In  questloa 
takes  tbe  foUovlng  fom:  One  of  the  Intcroedlabe 
dabale  le  Initially  act  at  tbe  sngle  tcio. 
Thereafter,  the  ai^ular  rate  of  this  gld>al  (nr 
tbe  deviation  of  Itt  ungle  fron  xero,  or  a  com. 
blnatlon  of  both)  It  measured  end  le  fed  back  as 
aa  error  signal  by  Ugoeiog  It  as  aa  angular  rata 
about  some  other  axlsu 

For  llluatnttve  purposes.  It  vlU  ba  sigpoaaC 
that  tbe  P  glabal  arqile  Is  Initially  set  at  sex« 
mid  that  some  fuactlno  of  Its  drvlatloe  from  xezn 
is  fed  back  aa  an  lapuocd  ang'ilnr  i-ata  about  tha 
>  glirbal  axis.  This  feedback  tchems  sljvly  sdds 
on  error  signal  term  to  tbe  first  of  the  cqum- 
tlons  In  Figure  7;  tbs  resulting  equetlons  aia 
sbovn  in  Figure  9.  FtotwokUy,  tbe  cq[uatloea  of 
Plgurs  9  era  subject  to  the  soms  udbcaaitlcsA 
glnbal  lock  difficulty  If  the  Ijitcrmedlata  glabal, 
aiwles  P  and  B  bsrrmt  equal  to  ~90*  slaultanaoum- 
ly.  Bowever,  If  the  feedback  loop  la  stable  and 
Is  reaaooebly  tight,  the  gisbal  angle  P  vUl 
mever  differ  greatly  from  scro,  since  v1iex>e<«r 
this  angle  devletce  from  xero  slgnlflccntly  the 
liVosed  error  signal  wlLl  cause  one  or  more  of 
the  other  glxdiale  to  turn  and  will  thus  oototeiw 
act  the  affect  of  the  nngui.i.  rote  which  la 
smxislng  the  dexletion  ot  P  from  xero.  In  itco^y 
ototes,  tbe  P  global  aula  viU  tbua  oa  perpea- 
dlcular  to  tha  angular  rate  vector  Ij^oeed  cm 
the  platfora,  so  that  the  angle  P  will  rcmsla 
c<pial  to  xero.  If  the  Ij^ecd  eng<Jar  rata 
vector  suddenly  shifts,  the  angle  P  aey  tcaporerw 
Hy  devlsts  from  xero,  but  the  operation  of  tha 
fbedback  loop  will  quickly  restore  it  to  the  xcim 
foaltlon.  Evidently,  If  tbe  angle  P  always  re- 
omlna  at  or  otar  zero,  and  In  particular  If  It 
never  rcmchca  -90*,  the  four  glabal  axes  caa 
never  became  coplansu-,  so  that  glnbal  lock  b^ 
comes  IxgMXBSlble,  It  Is  thus  sera  oa  pl^sicnX 
grosBids  that  tbs  systen  of  slmultansous 


dlttervntlAl  tqmtlons  la  Fleur*  9  mmt 

b*v*  4  aolutloa.  Tbt  lotrodK^ioo  of  th*  femtk 

el£^4l  and  of  tb*  feedback  tern  bev*  tiaw 

noted  the  poeelbiUtj  of  aethrttlcel  eljtel  tort. 

On  the  debit  eide,  houeveri  'the  frrcecaca  of  the 
fourth  glJBhel  reo^te  lo  4  dlffieulty  vhetoh  did 
not  exlet  la  the  ceoe  of  4  three  ctoheX  eoa- 
fidUrttlon^  This  dlfflcultj  rcaldee  la  th*  fhet 
that  the  equations  of  Plgure  9$  vhlle  oaljr  ttow 
la  BVOBber,  involve  four  \inkscp^ma»  the  fbur 
hal  angle*  P,  F,  and  I.  clearly.  It  la  aot 
pocslble  to  eolve  thl*  eystca  of  three  cquattoaa 
for  th^ee  four  unknovns  una^iguou^ly.  la  tto 
phyeicsl  cituatioa  of  a  four  glahal  atablUead 
plfttfona,  the  eabigutty  la  q*ae8tlon  le  of  oa  oo^ 
cam,  since  phyelcel  eauies  vlU  sooiehow  reaolve 
tb*  ariblgulty,  and  no  letter  vhat  value*  of  the 
four  global  anglee  result,  subject  to  the 
tloQs  of  Figure  9,  they  vlU  still  oorrcctlj  da- 
teraioe  the  attitude  of  the  vthjela  relative  to 
the  reference  coordinate  frajee  as  described  tj 
the  coordinate  relations  of  Figure  6.  la  tha 
asthac^tlcal  aodel  of  the  four  gl^>al  eoafigum- 
tloo,  houever,  It  la  ziecettaxy  to  coqpute  eK> 
pUclt,  unaabiguoua  values  for  the  four  tAknDuaa 
P,  P,  H|  and  I  vMch  satisfy  the  three  equailaaa 
of  Figure  9*  It  ie  therefore  necessary  for  Uh 
aathosatictl  code!  to  Include  aocae  criteria  fhr 
resclvL*ig  the  aablgvity  involved  la  solving  a 
systca  of  three  Cttuatloas  lo  fhur  unkanamt. 

If  the  equations  of  Fl'^ire  9  vere  given  to  a 
mtherotlcian  vlth  no  iadicatloo  of  tbelr 
cal  bases,  be  night  iLcedlntelj'  oaa 

of  the  uokjiETvas.  for  ^xaag>Ie  the  laaemoet  glo^ 
bsl  angle  rstc  1,  be  node  artltrary,  aod  that  the 
equatlooa  then  be  solved  for  the  reoaiaiog 
knevn  cinhal  snglcs  la  terns  of  the  Ic^osed  ai^ps- 
lar  rate  ioputs  snd  of  the  arbitrary  angular  rata 
of  the  X  glBbal.  ^/hea  the  pt^slcsl  background  od 
the  equations  It  considered,  hovr.er.  It  is  seen 
thst  this  approach  to  resolving  their  a’^lgulty 
Is  physically  aeaalngl^st#  since  oaking  one  of 
the  glabsl  angle  rates  (vbence,  one  of  the 
arbitrary  Is  tCLntazaouat  t)  ellmlAatlng  tbs 
bsl  lo  question  coe^letcljr. 

To  take  a  txire  physically  acaolngful  approath  w 
the  solution  of  the  adslgulty  problem,  the  fbl- 
loving  alternative  rcaaonlng  might  be  corMldarad: 
Suppose  for  slii9lleivy  that  the  aoblgulty  la 
question  is  of  a  one  dimensional  nature  ••  that 
la,  th&t  it  Involves  tvo  collincmr  gix^al  axea, 
as  vas  the  case  In  the  gl^a^T lock  situations  df 
Figures  4  and  3.  A  reasonable  entexioQ  to 
solving  the  arhlgulty  esn  then  be  forsnilated  la 
fairly  slmpl*  tenaa.  For  CT’Sdig'lc,  If  It  Is  aa^ 
siocd  that  the  coefficients  of  friction  and  site' 
lion  la  the  coUlnear  glshal  axes  are  the 
ssne,  It  is  plausible  that  the  inner  of  the  tw 
vlLl  reepond  to  the  Itqpoaed  angular  rata  by 


turning,  but  that  the  outer  will  r«mlm  flssd^ 
since  tlM  outer  oaa  canie*  aore  velght  and  la 
thus  srubjert  to  a  greatar  fiictioeal  force  ttos 
It  tb*  loner.  In  a  onra  general  sltnatlca, 
vbere  the  aablgulty  le  not  ooa  dlatnaional, 
aaalogous  criteria  for  resolviag  It  could  •!» 
ilarly  be  fonadated  oa  a  physical  basl*.  Tbaaa 
uould,  of  course,  be  consldertibly  Bor*  coi^li** 
cated  than  tiosa  for  the  ooe  dlnanatoaal 
blgulty. 

If  slsrUatloa  of  a  physical,  four  gla^^  ptolfiMB 
wre  in  question,  the  fomdstluo  of  such  phyni* 
wally  haetd  criteria  for  Ac^IvlJig  tbe  soi^igulty 
uould  certsioly  be  unavoidable*  fbr  the  gi^anl>» 
lees  inertial  systca  application,  however,  n 
•oMvhat  simpler  approach  can  be  taken,  in  sditwh 
the  behavior  of  tbe  plat  form  servo  loop  la 
Idealised.  It  ay  be  supposed,  speciMeally, 
that  tSe  servo  loop  Is  very  st^la  and  vety  foot 
coepared  to  tbe  Isj^sed  sAgular  Iqpota.  It  ttH^ 
lows  from  thia  assui^ion  that  tbe  gjshal 
F  vill  always  be  tero  or  very  close  to  It.  ma 
lo  itself,  however,  docs  not  resolve  the  ai^lgai* 
ty  in  tbe  equatloac  of  Figure  9,  since  while  the 
(global  angle  F  &sy  Itself  alwyt  remln  apptosl^ 
nately  lero.  Its  tine  rate  of  change  vlU  not 
aaln  rero.  (In  fact,  if  both  tbe  angle  Itself 
and  its  tine  rate  of  ci^nge  did  stay  essantially 
at  tero,  the  P  glahaX  ^uld  essentially  be  eliad^ 
fUited  froa  tbe  eystca.)  The  equations  on  Fispsre 
9  thus  ftlU  itxvoXvs  all  four  unknowns  sad  caM0k 
be  solved  uitbout  resolving  tha  aadblgvilty. 

Suppose  Qov,  however,  that  the  three  ijlibel  aaaa 
R,  H,  and  1  are  i»t  coplanar.  It  any  tbcQ  be 
eonciuded  that,  as  a  reeult  of  the  operation  of 
the  Idealiied  F  glahal  axis  servo  loop,  az^  1^ 
posed  areolar  rate  vlU  be  ’’Instantly*  tsksm  ^ 
by  the  f,  R,  sod  I  gln^ala,  sad  tbe  F  glabel  mill 
actually  reaain  stationary  at  tbe  tero  a^la 
value.  In  other  iwrds,  the  presence  of  the  XdO' 
all  ted  servo  loop  imy  be  regarded  aa  tha 

F  gli^al  highly  "realstaat**  to  turning,  nr  Im  m 
sense  a*  giving  it  a  hlga  ooefflclant  of  atlrtlom. 
It  follows  that  when  tbe  R,  aad  I  global  amea 
are  noo-copLanax,  the  T  glabal  vlU  tend  to  re» 
meio  fixed  at  tero,  so  that  P  la  ia  fact  tUsd- 
nated  froa  tbe  equatlooa  Of  Figure  9.  The  re* 
suiting  sij^lifl^  equatlooa  are  ebova  In  Fl^exm 
10.  Since  these  equmtloos  lm*olve  only  tto^ 
knovns,  they  nay  b«  solved  unaablguously  for  lU 
B  aid  X.  - 


S\q>pose  finally  that  the  R,  B,  1  glahal  ana 
are  coplanar.  Fron  the  geometry  of  Figure  5,  it 
is  seen  that  this  la  equlvalerTt  to  asswli^  that 
the  glchal  angle  R  Is  O*  or  lOO*.  Since  tha 
anole  P  is  lero  too,  the  equations  of  Flgura  9 
thus  sUpllfy  to  those  shovo  In  Figure  U.  Thaisa 
equations  are  still  ovlguoua,  but  tbelr  Mhlcsi* 
ty  is  now  only  coc  dimensional,  alnca  the 
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eooUUasa  ttet  P  a  0*  ud  ■  ■  0*  or  180*  la  PleorM  U  and  11.  Ite  vhleh  1*- 

tbot  tte  elabal  ozea  R  and  I  or*  coUlacor.  atrtacnU  tM*  phantoa  eenfljpastlaa  aolTea  tbe 

Tbt  ^tilgulty  In  the  e<^tloa<  of  ngur*  U  eaa  oquatloa*  of  Pleura  10  tar  tba  eUdMil  aaclM  oa- 

tlius  1>«  raaolvcd  la  a  aanaar  villch  la  botb  eept  vt  n  tha  aolutloo  ladleotaa  t^at  the  anglt 

atrolelAtarvard  and  plQrtlealljr  correct  al^ljr  B  la  a|ir .  oo  UiliiC  taro  or  iBO  daercaa.  It  fl 

atipolotlae  that  ooa  of  tha  two  eolllnaar  ela-  prooclKt  thaaa  Toluaa  aora  tkoa  Iraoalaatlp,  tba 

bale  roalaa  flxad,  vblla  tba  other  doaa  all  tba  co^utar  avltcbaa  over  to  tba  a^(iiatlcea  of  Pl«. 

rotatlBg  required  to  offaet  tba  correopocdloe  tape  11  cad*laed  vlth  a  aoltabla  ona-dlaanaKoal 

eoageaient  of  tba  lisioaed  rate.  aablenity  rcaolvlae  erltaorlea  •  fbr  axaa^la,  tba 

tin*  derlimtlva  of  1  Idaotlcallf  aqual  to  saro  - 

A  cdsdata  antbeaatlcal  nodal  for  aa  Idealltad  until  the  aoel*  R  aovaa  anp  tron  Ita  crltleal 

four  elabal  confleurallon  tbua  finally  be  eaJ.ua. 

dcacrlbcd  aa  eoaalatloe  of  tha  aquatlocu  ahewa 
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MATHEMATICAL  GIMBAL  LOCK 
(THREE -GIMBAL  CONFIGURATION) 

FIGURE  4 


FOUR-GIM8AL  CONFIGURATION 

FIGURE  5 
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COORDINATE  SYSTEM  RELATIONS 

(four-gimbal  configuration  ) 

FIGURE  6 
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stability  equations 
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AMBIGUITY  RESOLUTION  FOR  NONCQPLANM 
GIMBALS 

figure  X> 
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omxmno  or  mn 

JtJm  C«  0*Brt«a«  ficinyr  OtTVlopMUt  PlTl<i— < 


>  tfcpfntim 


9tMi  of  ihlo  Aiaottaoioa  la  tte  dorol* 

opMBt  of  o  Mthod  for  optlnlvlBC  ioollJia  oyati— < 
tboir  porforauMO  ohormoUrlotloo,  ob4  4o«i^ 
phllooophj*  i  toatiod  ajvto*  oooolol#  of  o  ooo*- 
KraMit  ■aWjaUM  ojid  a  data  oaalTilo  ooboTaUo* 
Tho  oooauroot&l  le  s  oroelM  of  infoi^ 

■aUon  tr«a«aittlnc  aftUo.  Ito  loportoot  f«o- 
tuoo  oro  \tk%  ^uaaiilf  and  quali^  of  lofonalloa 
hudio4«  data  anal/aio  aubajpataB,  oo  tha 
otbar  hand,  la  a  fona  of  daoodar*  Ita  iaportant 
faahiToo  ara  tha  ability  to  roco^&laa  alsoiflcaat 
laforaabloo,  aatabllah  ooapatibiXl^  with  a  pri« 
oH  kjMNilad^,  and  raflaa  tha  aicnal  qiMlSl7«  ^ 
affioaoy  dapanda  os  tha  fora  factor  or  trap/ 
of  tho  olcnal.  a  aatiafactory  choloa  of  ajataa 
obar%oiariatlca  raquiraa  a  orltarloa  or  aat  of 
arltarla*  tha  daralopoant  of  thaaa  crltar&a  and 
approprlata  oalghtla^  faotora,  and  of  thalr 
Innuasco  os  orarall  taatln^  offlolenq/  ta  tha 
parpooa  of  thla  aiialjrala« 

Iccuracor 

n\o  daal^  of  an  optlouB  Qaatursagoi  aub» 
■TttaB  vlll  ba  dorarrad  b/  attatiubla  aocuracj. 

La  tarM  of  tha  saaau^>aent  orrora,  aivl  b/  ita 
rarioesent  is  tha  dat^  procaaaln^  aubaratas*  It 
wmj  appear  that  tha  total  error  In  aa  lukcorralatad 
parallol  dlatrlbutad  a/atao  la  Lo>i^r  Uuui  la  a 
oorralatod  aaiial  oonoantraiad  afatas.  In  ptuo* 
tlca,  hoovrar,  nalthar  a  a/atao  of  ooopLattlp 
ladapafidont  tuba/atcM  aor  a  cooplatolj  Into* 
fraud  ain^la  e/atco  ara  raalitabla« 

Data  haAdllnf  a/atao  capoclt/  dapaoda  oo  tho 
mabar  and  qualltj  of  Indapcndent  ^wjnnala«  Bo* 
flacueoi  of  oraraU  qualitj  can  ba  aehloaad  im 
tha  data  proccaalrwt  rub«/atoB  b/  oanoorisd  tha 
oaaaurwaant  data,  utllitln^  foodback  to  olnialao 
iatartiAl  orrora.  lha  ideal  data  prceaoalBt  aub* 
a/ataa  oil!  prorlda  th^  oaxliauo  al^uricanca  par 
tit  of  mpit  inforaatlon,  at  ainlaBB  ecat* 

Tha  boat  Uatlnf  a/aUs  olll  optimiaa  tho 
coobinatlca  of  acaaureaent  and  data  px>caaalnf 
aoba/oURi  for  tho  aailoua  output  alsnlfleanoa« 
fros  a  Blnioua  of  oeavuraaenta  of  a  ^vaa  phjral* 
cal  aitoation,  ia  tama  of  paarall  coat, 

■athoBotlcal  Modo^ 

To  •axlaiat  o/ateo  pcrforoanca,  a  oathasat* 
leal  Bodel  of  tha  scaa^reoent  problca  la  uaaful, 
^0  beat  obtalnabla  oodal  which  dtacrlboa  tha 
oeaaurabla  encr^  functiona  of  tha  phjslcal  world 
la  a  ccBprcolea  with  tha  unknown,  A  eospoalU 
aipreaaion  cocuitnicted  eapiricallj  la  practical 
aa  a  first  approxloAtlon,  It  should  coatain  tho 
kikowD  pertinent  cK&racteriatlcs  of  tbo  ph/tlcal 
situation  aca£ured|  with  intarrelatlcmahlpa  bo- 
toaen  reco^iiabla  stataa,  as  wall  ao  tho  par- 
fonaanco  functions  of  data  prooassla^ 


•Bofo^'tropjr*  is  a  double  ne/^tla* 


TIm  IomMIos  of  informilod  frM  polfli  %• 
point  altfe  oqoipBsnt  osa  ba  aoaljMd  l|f 

TThsfiwi*o  lafanotloo  ithoiwsl  oopaoLtj  fiirtaalop 
tfao  asrioblao  fbaotioao  of  both  opsoo  Mi 
tiiva  €•  ■  So[^(8aR)/l*  TKa  sobatltuttoa  of 
opaoo  for  tteo  to  iofospiblo  booauaa  this  1m  lo 
baowd  oo  prshoMUtx  thaorj,  ^leh  la  IndspMioit 
af  itlosool Mol  spaoi fl;.At7»  bagioooo  at 

^•norallsoi  dsostty  sradlsai  of  infoioatioo,  HP 
roproasoto  rsostottao  rasca,  *8”  la  ossoaroMBt 
oooro  ostxoetoi*  aod  *1*  la  noo-ralsvaat  •mmrww 


acoidootdUj  iotraioosd  Into  tho  alipol  ohaMOl , 
8lgnal-fo  oolfo  aoi  aecuraej^io-orror  sro  too 
Mpecto  of  tho  SMS  qnallti  factor*  and  baaiolith 
lo  Just  o  opsrisl  oooo  of  rasolotlcs  sprood*  Total 
Infonsstlao  taMololod  caa  be  calculatad  bj  lota- 
cratiOf  tho  proiset  of  "C*  and  tha  fonotloo  of 
opooo-tioa  ohldl  daocrlbss  tha  osaaurinc  txMO* 
dnorr  cMfl^taotlos* 


Thoqaolltpaf  litfonwtlon  cjji  b,  nflMA  tv 
Mvvrml  Mtk,*,*  4*,«dln<  oa  kno*l*4^  of  tin 

4iirt«dt«Vlaa  pattarna  of  mttrg/ 

Md  tiTtir/Mln,  mmrgy.  Ot,  of  thi*  knoalWIs*  t, 
moAlty  the  reeelatlen  functloa,  nkes  pee 

eihle  inclediae  V-Hh  fteeaereemt  end  date  |iTeneee 
inf  In  the  mmm  e^eeilan,  end  to  euiedee  'C*, 
h:-  the  d«ei^  ed  etetle  or  dyneeic  epece-tiM  fll> 
trre.  the  tirpe  ed  e  priori  knoeledse  oTetlehla 
detoredeee  the  Ued  Md  d«,re«  of  epece-tlw  fll- 
terlitf  Med. 

drpreeewttep  the  pattern  of  Inforaatleei  die- 
trlhutioB  la  epiri-ttae  b/  ‘•Z*  and  the  eorrea- 
pendiac  fllteriiK  fnectlon  bp  f(i)  thaa.  reeclta 

la 

c(0  . 


aicriflceae, 

"Z**  hae  the  eheTa-eter  of  elpnlflcanoe,  eUch 
aekea  the  data  Beealacful,  In  tarae  of  predlrtabla 
or  recopaiaaMe  pet  tame.  It  is  the  paraaeter 
ahieh  the  deta  laaceaalnp  eebapstea  auat  aartadea 
(at  BleiaM  eoat)  dor  beet  perfomanee.  f(>)  Is 
tba  traaeXer  fbaetlea  ehlch  refines  the  rmm  data 
In  aecardaaoe  atn  predicted  characterlstla.  Ip 
aeziaizlnp  cO)  Md  aaklnx  the  data  suitable  fer 
huaaa  eoaeiMpdlae  ea  Beanin,(ful  IntelMgenee. 

Wiu  the  FsM-leT  Malpticltp  of  tha  atonal  caa  ba 
predicted,  cate  ar  croct-correlstloo  in  talas 
ef  pertadidtj  caa  ba  csplo/cd.  Thar,  la  a  roa 
flict  Wtaaca  the  aenotoep  of  fOTU-ler  haraoBlea 
and  tha  eariaMIltp  ef  inforaationt  so  care  aast 
be  takea  ta  iaaa»ut  aaoothlnp  out  Uia  inforMttioa 
ahllc  Moathiac  eat  the  noise.  The  eignal-ta  edae 
enhanctne  po ear  af  statlellcal  eorralatlea  la 
Halted  bp  the  extant  of  p<'rlodlcitp  of  tha  at#> 
not.  Vith  a  eeaplra  code,  20  to  )0  DB  laproa^ 
aanta  ia  S  e  ■  heiaa  bees  obtained  bp  this  Bathed. 
Similar  tapreei suets  are  possibla  eben  codiM  nd 
cohamft  charariar  of  tha  Inforaatlon  ha  pro 
dieted,  if  tha  iafomation  attenda  through  a  apa* 
tlal  diamet oa.  Tha  concept  of  apatial  FoarlM 
haiaoalca  ad  ihmioal  Irregularities,  axtcadii« 
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•  • 


Jost  ••  mIM 


t*  iJirtBttJf  1*  kll  AlrMttoM,  la 
aa  for  Uaa  AaMtlaaa,  aiUl  a^aall/ 


lha  (hat  that  20  ta  JO  n  1aprni«a«nt  1> 
aoeaiwv*  rafaaaaatlac  anplttala  faatora  ap  ta 
JO  ta  1,  aagr  ha  raaxlaat  hj  *apaoi/tlaa  aatooor- 
ralatlaa  ar  araaacarralaUee*  taiHialqnaa,  la  aat 
•aearalljr  ap^raulati  t  hr  daalfMra.  1 

eoaaoa  alhaklaa  la  teat  ajataa  la  tha  tpaalflaa- 
tl«n  aC  attaaaal/  ktih  aocuna^  far  aaarg]r-aa»- 
^1^  tnaaOacan  aa  aa<  Inatraaata,  aatialnc 
that  tha  aat^at  aecsiaej  (of  Uia  airataa)  will 
alaaja  ha  laaar  thaa  that  of  tha  laput  tranaduoara. 
Itw  poaaihUl^  ad  apcradliic  tha  laput  aeouraaj 
hr  10  ta  )0  Uaaa,  alloalne  tha  oaa  of  Inaccurata 
traBaOaoara,  aad/ar  aahanelng  a/ataa  output  Bceu* 
nolao  hf  tha  aaaa  foatoa.  haa  aot  kaan  full/ 
asplaltad. 

It  la  Baaaaaai7  ta  dafiaa  a  eoaaoa  alaaaat 

for  alt  aartallaa  of  at0ial>ta-fa.lBa  or  oecuraejr- 
to  arror  raflaasM  :  aaihoda.  thla  can  ba  dapanl* 
anca  oa  atnetarai  eoharanca,  b/  ahlch  a  group  of 
data  rapraaaata  aora  al^ilfleaaca  thaa  raa*  v*  ia 
tha  alapla  an  af  ita  parta*  (ha  tana  '^aolrt 
la  parhapa  aa  aaltabla  aa  aof  othar  for  thla  pui  - 
poaa,  aad  will  ba  aaad  la  tha  folloalng  dlacur. 
aloo.  It  dapaada  for  Ita  raca^altioa  oo  tha 
Intalllgaaaa  ad  tha  daaigaar,  and  of  that  part 
of  it  ahlch  ha  balldi  la  ph/aleal  fora  Into  tha 
data  pmaaaind  ajataa.  Tbla  will  Inoluda  both 
tha  apaclallaad  charactarlatlca  for  poaltiaa  alg- 
aal  raaodaiUda  aad  aeqalaltloBt  aad  tha  aora 
gaoarallaad  ;awta«tlaa  aaana  to  rajaot  undaalrad 
aoanor.  la  tba  aubac^uaat  analjralt,  tha  forttar 
will  bo  daaatad  ^  aad  tha  lattar  by  Tqn> 


(ha  aaaaaaory  a  pa-larl  bnoaladga  for  aup> 
portlfbi  tha  dlltaring  fuaetioo  alll  ba  denotad  by 
UalodM  lon^t  •horV-tvn 

knovl^ds**  foTvslA  tbt^  factor 

1^  anA  rrplkcea  fCx),  ao  that  bo- 
cu— •  fcaralj  ocmlar  raaolatlom  rai^c*,  wMeh^  «ti«n 
opii«l»o4«  aril]  adcqttatoljr  raaolra  aiiatln^ 

wmiimm  iBfovmUM  4aAaitj  vrmdiavi* 

rinal  »aaal 

tbo  MaikMaiioa]  ■old  thoci  bccoaiai 

■  -  «.pl,a  "m  Wy 

«li«ra  H  !•  •qniralaitt  to  C(l)a  ‘Hila 

rwctloo  CM  W  ■aalAiaod  Ipi  tom  of  al^lflcAnt 
infoTvstlM  if  "S*  aiW  "JT*  ar*  aipandad  aa 

diMBcional  fWat tiona  of  the  input  cituatlon,  and 
tbo  product  chldk  rapraaanta  the  data 

proceocinc  fcncrion,  la  oozicised  for  a  ^ven  aat 
of  cooatimioto,  codi  %a  nazioua  ooct« 

Coopl—itp 


fW  iodlridoal  iranafar  fuiMtlon  of 

dk  of  *ar  aobaaaaoblicc  In  the  aoaaura* 
■t  aaai  4ata  prooonciac  CTaiMO  actc  na  a 


flltar  or  oomlotor  oh  ld«  portldh  ad  «• 
Input  ol^ial  to  obtain  tha  output 
and  na  a  oroasoerralator  with  athar  •dh> 
aaaanbllaa.  fhoaa  IntorrolatlohS  mm  ha 
fUMrallacd  la  tha  foih  'axpCo^)"  ihorw 
"e*  la  aa  undafiaad  ftmotloa  af  oorralaHdh 
and  la  a  (inamllaad  taatholah. 

(h)  Ballablll^ 

Inothar  raault  of  oooplaxltr  la  tha 
affaoi  on  rwlUblllly,  uhlefa  lo  tha  aala 
IncradlcBt  of  “IqB**  **>d  !•  alow  aa  rtpaa 
antlal  thaetlon  of  tha  auahar  of  aaapaaartOt 
aa  Ball  aa  of  tha  rlak  (ratio  bataaah  on* 
poBant  fallura  and  ajatn  'allBro)a  It  an 
b*  fanarallaad  to  a<p(-  aBc}>  ahara  ***  Iw 
tha  rlak  faetor.  Coaaoquaatl/,  tha  affaat 
of  tha  imbor  of  porta  la  a  aystaa  oa  tha 
af rielanoy  la  proportlona'  ta  arp  Ro-iXm 
Ualaaa  'o'*  axeoada  *t*,  aa  lanraaJh  la 
plaalty  will  rudaea  tha  pyatn  afflal aaiy» 


An  iaportant  aapaot  of  vy^taa  uoaplailty 
la  tha  dlalrlhutlont  In  apaca-ilaa,  of  al^Ml 
gale  and  attanuatiOo,  varsoa  tha  diatrlbatln 
of  nolae/amr  onargy,  and  tha  affaot  n  oatgat 
S/la  tha  conolualona  drasa  froa  a  gala  dlatrl- 
bution  analyala  aada  alaouherw  arat  (1)  Cola 
dlatributloe  ahould  ba  optlalaad  In  torn  od  pru- 
aalllcg  nolaa  or  arror  laual  followlBg  aaoh  aaa- 
tlon,  rathar  than  on  al0ial  loual  praaodlng  oaah 
aactlon  (aa  in  convantlonal  ACC)|  (2)  ta  a  apa- 
tca  with  unlforely  dtatrlbutad  aolM,  tho  Ofdl* 
BUB  gain  diatrlbutlon  will  prorlda  wzpoaaailalljf 
changing  gain,  prograaBlng  froa  ayataa  lapat  tw 
output,  for  alnlwua  dlffwnaew  botwwaa  owtpwt 
larcla  of  nolaa  froa  each  aoarwo  or  aaotlaa  ad 
tha  aatuanoo, 

rU  taring 

Tha  tmnsfar  fvinotloa  "Iqnlqo  *ap“» 

Ing  tha  rasolrlng  powar  "JT  mm  a  acalar  fnotln 
of  tlwa  and  apaoa  (baodwldtb),  la  dawlfftad  ta 
flltar  tha  aipaotad  or  pradleird  Infomtlwa,  hp 
aitrapolallng  a  priori  Infomtloo  fm  kaoia 
raglona  of  porforaaneo  to  prodiet  porfoiaaan 
In  unknown  od^ognt  raglona  ta  tlaa  or  apanw. 
Aaong  tha  a  priori  Inforaatloa  awallabla  ta  thw 
daaianar  ara  tha  gwnaral  aquatlona  of  atata,  aad 
Incldantal  knowladgu  of  oparatlng  eondltlan  aad 
taat  ,<lanB,  aa  wall  aa  tha  atattatical  aatara  ad 
tha  typical  aodaa  and  arror  eharaotarlatlca* 

A  Friort  Inferwatloa 


(ha  util 1  cation  funotloa  of  a  priori  lafar* 
aatton,  “Kop*,  dapenda  baaienlly  on  tha  Initial 
aaount  of  awallabla  InfoTWAtlon,  and  tho  rata  ait 
which  It  la  augaantad  or  aodamicad  by  arrow- 
corrwctlng  data  during  tha  waoaum.ut  pwrlad* 

It  dapanda  alao  on  Ita  raoancy,  which  la  aohjawt 
to  dagradatloo  with  tlaa,  coat  of  a  priori 

Inforaaticn  la  low  if  It  can  bw  obiolnwd  olouly, 
but  Ita  dagradatton  rata  than  bMoaoo  laportaat. 
It  can  ba  connldarad  aa  tha  output  of  addltleaal 
conunlcatlon  channala,  with  narrow  bar  •  Idtte, 
uaing  ocapln  coding  (nthantleal  an  . . . 


•  • 


•  • 
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i)  Ins  oparAtlat  ttaai. 


tkii  fartmtmmm  of  a  ogratoa  mm  loaorlkot  miH 
te  aoUwM  nro«  I7  oomIAotIm  >11  tm»~ 
Aon  aoBtrlMo  la  Alroet  foopurl  laa  %m  Ifcalj 


Uamml^f^  •  k  oa»^(a-sg 
(■a*  koM  U  imilattoa  afnataixgr.  sat  aaat,) 


•  • 


^  t(*>  *  l] 


■  -  Vl^nas, 


t(a)  tm  Ifca  affootioa  •ala  taootiai  osaoart- 

lac  to 


Ikaa  tka  laoraaaa  la  lafooaatloa  iat>  or  kaaalkr 
prarlAad  Igr  o  laaraooaoat  la  tvataa  latocrattoa 
mr  oorralatlaa  afflaloa^  la  klaaoU^  Aavoataat 
oa  tka  aaikot  aC  piata,  alata  mmompt  at  ^>a  '  * 


•  • 


*•  «1«1  J«a»  *•  ^81  "  »■!  Tjur  *0^^  4a 

aak,  alaat  ^  la  mitj  ky  aaboaptlw,  for  all  faataca, 

•  41*1  di,.  5i‘ 


.•  • 


^k  w  A*  ■  ak  k  jk  ■ 

"  V*  ‘  “  *a,*  ■  ■ 


,•  • 


■1 


l.«ir{«)9, 


_  .  - 3 _ 

^1  ^  *1*)  **j***P^  ^ 


i.tk^ 

^  r(«)  ♦  ij  i«»«^  r<€) 


tkaa,  Ifea  laTaaaUea  Aaawltj  of  ttao  oTaUa,  oaa* 
oartak  to  aMslaffal  Uit«lll|«oaa,  kopaalB  liaa- 
arl7  oa  1^,  1.-  and  k,  k>t  oaljr  rodprocallj 
la  lato  ( tla, ,^aT«i ing  off  locarlUialaallj)  aitk 
8^  aad  r(t),  aid,  aaeotlnljr,  aa4  roplarooallr 
ariU  *1.  Staca  l^/«„  .  r(Si/>o)f(<)l  U  nwly 
aaa4  to  Acaorlha  yorf iii  aanrn,  thia 


Uta  log  rMollM  of  alipal-lo  aoloo  00  mmamtmep 
will  ioorooao  laaa  nryUly  ktaa  tbo  alkar  factoaOr 
It  Is  mriinX  Ikat  tka  aoot  arfoetloa  raotoro  la 
ysrforoBBoo  ara  tiTT  ACCUMCT,  DOB  SIO'Al..TO-aoiSS 

UTio,  not  iBSfEiiD  rajasuiTT,  itsou.na>  umx, 
UTD  siciu.  cumcurum  km  miucut  t  niou 

UfCC^TIOk.  Uthoaf^  aooanoT  aad  algsMl-t^ 
nolso  ars  000000017  aloaiota,  tkolr  tayortaasa 
dooroaaoo  oa  Uia  algaal-to  aoloo  or  aeoBiay 
laoroaaoo.  tka  tajouoaiaito  la  lafaoBatSao 
quaatllj  obtalaod  kx  acklorlag  groatar  maamrmaf 
or  qolotar  olgamla  ooa  goiaiallj  to  oktolaad  aaoa 
ehooply  1)7  laemaalag  rolUMllt7t  TOOolaUaa 
ntago,  aad  eorrolstloa  offleloovox  (la  tka  oac 
of  a  yrlort  laforaatlaa)  for  argr  algool  or  b»o 
os  laint  lorsl  apyroiilalil/  groatar  Ikoa  oaao. 


•  • 


“  —  •  m  y  oio^  M  ^  p  a  ) 

f(«)  r(g)  ♦  1  logy  ^  r(g)  *  1 


Dm  oaloa  of  k  doo  to  S,  an)  to  Um  ratio  S/k, 
lacreoaoo  oitk  Incrooatng  Inforaotloa  eonteat  r»- 
oalood.  tlao,  Uio  fftta  dlsirtkotloo  r(g)  bos  a 
poolUro  offoot  oa  Uta  Taloo  of  k.  Mfforootl- 
atloa  of  k  olUt  roopoot  to  *lutalligoaoa'*  faatar 
*C*',  la  taiao  of  alallar  dopttidoaro  oa  oTatoo 


Dm  rslatloa  kotoooa  8  (ol^ial 
Ita  eeot  la  8  for  gremd-kaaod  «<tvl 
a  oquaro  lao  approxlBBtoljrc  oad  lao 
tor  proportleoal  to  frsqaaaag. 


^ X 


f 

T, 


p  iM— ,  Om  mmA  y « 

«r  ttr  yaav  akavw  UP  aattat  tltla 


of  vstiM 


I  ■  •  L  « 

•«•  -  If*®  TT  TT 

r-1  ^  ••!  l-» 

lat*  fTM  ■pan 
■ml  ■■Tti'ui  niU.  m 

ragiaM,  la  mr 
for  tkla  altaatloa,  tha  ooat  ia  aati* 
■BtaA  to  to  piuiiurU  toil  to  too  fourtk  or  flftk 
tmmr,  •»  laaat,  or  tto  a^tial  paaar  laral. 

-  ■  4^  n«.’  f  IT 


1-1 


1-1 


i  •  a 


aim  ■  Mah  ralM  at  (S*B)/|  aUl  oMtrltota  to 
Ito  iaalrii  ii1—  lafi—atloai  traaafari  It  la 
lialtallt  to  ■tolaiaa  B  toairior  paaalhla.  fha 
■aat  at  itoacli^  sola*  aai/ar  amr  la  tka  taa- 
apataa  Aapanto  lavaoaalj  ea  tha  aalaa  or 
toiai  iiaaai  laral.  and  a  tha  tjpa  of  Ito  aouroa. 
It  ainaar^i  fra  aapirlaana.  that  ulaa  ladaotloa 
la  aaaaaat  ooato  aaoarUag  to  aa  azpoMatlal  laa. 


IppljlaB  too  raaalta  of  thaaa  oquatlaa  to  tha 
aaalaatlaa  of  (3*a]/a,  tha  follovlag  axpraatioa 
la  atlalaili  ^  laoladiaf  tha  gala  dlatrlbotloa 


^7Ti  «i 

•  » 

I  "r  TT  «l 

rW  i«r 


«  1 


1%  to  b«  •  •ammi  to  «oo  tf  •  AV« 

Aoro  A  io  o  coMioat,  for  eovroiiUcciol  roulo* 
tlM  nagoo  ia  froqaoocj  «oi4  4iotoaoo«  oa4  A^  for 
•Sr%onio  or  ■poM^borao  o^oitoMni  (q  io  o  gonor* 
•Als«4  tianfilon),  or  for  o»ti  ilj  lone  Alao 


-  i*ai^  ar  *  •  S^l^la 


Ito  eaat  taaetioa  for  l^p«  tha  atlllaatloa  of  a 
frlarl  lafaraationi  la  arra  dlffioolt  to  daflna, 
toeaaaa  of  tba  rarlooa  tjpea  of  InfoTaatloa  and 
mamarf  ar  atoraga  pronaaaa  toU'  li  aatar  lato  thia 
faotor.  Ito  firat  t^rpa  caa  ba  ccooidored  aa  that 
affaettag  tha  qualitjr  of  daalgn|  and  tha  aacond, 
tha  apralflad  parfonataea  ci:«nctaTlatlea.  A 
third  tppa  af  a  priori  lafsmtloa  looladao  eor- 
raetlra  algaala  darlrad  Iron  pracadlog  Wat  data 
ahldb  ara  aaad  io  raflaa  or  adjaat  tha  porfoitoaoa 


to  a  lUdtad  tograa.  tU  af  tha 
ragalro  pradlattaa.  alana  tha  tohoflta  at  a  priori 
lafartotlaa  daptto  ■■  tha  taatolgaa  at  ajalwlalt 
a  Ihttoa  arrar.  A  raaaaaahla  aatlaaU  of  tha  ooak 
ftoatl—  af  thaaa  ttoaa  typia  af  a  |rlorl  lafto^ 
■atlaa  mp**— **—  fa*  i 


ipp.  1.  I,  -  toara  Vp  -  I,  a  Bp  a  ■, 

^  H  -  C«*)^  •*«*• 


Tn»  >.  *5  -  (*}) 


*<»><« 


1_  rapraatota  that  part  of  aaal«i  ahlto  la  aaB 
JoMlp  aaaaaraad  alto  tha  partlaalar  thaiaatoiw 
latioa  at  aaaaaraaaat  tlaaarlag.  hat  rattor  wlto 

oalght  rtdaattaot  paaar  eaaoitoptloa,  aaalrator«t 
proaflag.  hatoa  anglaaarlag,  loglsUoa,  aalatalto 

ahllltPi  rollahllltPi  atBbliltr«  alaiatarlBtab 
ato.»  toltlt  chaiaatorlra  tha  araaa  of  appllaaUah 
•r  *cood  aagtaaartag  inctleo.*  Ito  tohaflto 
tto  aaa  at  tha  kaat  laaol  of  aaah  laglamiaB 
aaallabla  ara  aall  kaoaai  tha  ooat  oT  tha  toaatlt 
la  aatlaatad  to  toaa  hlghor  tkaa  a  llaaar  prapto 
tlea  to  tto  Baalim,  ■••■h  aa  aa  atpi— tlal  laa. 


9taaa  I  la  ralatod  to  tha  ooaiploxltp  of  tto 
•tj«toa,^<^>B>  preporlp  appllad  aa  axp<eta),  to  ara 
a  la  tha  ayaUa  latagratloa  oorrolatlaa  faatora 
thaa  Ita  ooat  will  to  darlvwd  froh 


\a  -  •la["»<»^>] 

-  aBlj,  aapttj.a,) 

BaoapI  tolaUagi 

■  •  «B»^o^p»»««[f  r(*)  *1] 


f(«)  -  I^B, 


It  to  no*  poosiMo  io  omlsoto  i 
in  temo  of  coni  *f*t  inoortifie 
mmA  noranliaine  nn«  *1% 


itlm  ojni 
fneiorn. 


o  • 


0  • 


•  • 


•  o 


0  J* 


ns 


3  ^  ^  «»,,  «« 

po«alU«  W  otoUifi  th«  twoiii  4arivmil«M  m4. 
dsUn&IrM  t>v«  — fiM  iiicTi— t»l  profit  j«to  ti 
15^  'ftj*  InTottMAi  to  oodh  footor  ooBtribotlAC  to  ih0  O] 


*«*•  *o*  out  *«*  M  Mkoorlpto  4MiOlo  lynoiii 
airborM^  oad  opoeoboroo*  roopootivolp* 
1lk«a«  frrm  prooodlotf  oboIjow,  Um  lodlvlAaoi  t»» 
provMoni  fm/3ioro  or  prof itofedlltj  oroi  (ooraol- 
ImUA  II  .  1) 


j»  *\t»  _ tv 


iiM  - 1) 


0*1- 


pMalU*  to  ekUln  tho  n»«-<  -nrivmtlvoo  •■< 
doior-lno  tho  —fliM  lnn«M-t-l  profit  imt-  ft— 
InTMt— ont  in  oook  footor  ooBtribotl—c  to  tko  mj»- 
tw  porforooneo.  (kitp  tliooo  oxproooiono  oe- total og 
o  toro  In  I  wlU  koro  a  ■iiiDiid  4orlnti*«.  tkooo 
load  toi 

=«i;)  ■ 

Oe  '.^a  J  'll 


Ttklo  Lodicotoo  thot  prf oroaoiei  imiIm  otoodorA 

•t^a*«rin^  1«  id*«o  tlir  iAltlol  MMUoto 

of  •D^neerin^  io  ft«ro«  oftd  th  .  loltiol  oooplot- 
IVj  of  Uv«  ojotoo  It  nollo  It  *o/opto4ic«ltp 
lo^lt  off  d»ur»iti04ljr  ot  lic^  l« 


ilL  i!a£  . 

alt  •  M 


ti«{»lo“*)  -  MKtaSo 


/  <»■  1*S] 

>1  1 

(1/1*,  -  a) 

-[15  -s' 

['frj 

^  *,  V*J 

(1/i-j  -a>. 

k 

thlt  thcwo  that  tbo  porformnco  voloo  of  ojroUa 
ifkto^iioo/tiicrwl  oorrolotlMi  Ir.  dirocilp  pro- 
portionol  to  Um  oooplosttf  diovnolonil 

focto?  *rkQ*  tM  incrrajoo  orpovuMttaHp  vttli  tiMr 
MMUot  ltnr*ofc«d« 


By  atauoln^  that  all  faoioro  Imoo  boon 

Intofar  ot  lhay  contrlbuto  to  thon  tho  foototn 

of  vorUblUty  ^  tiiil  f^trihor  •IvpHflad* 


_  (l/p.  •!), 

•^(^)  J 


rron  thlo  aquation  it  appooro  that  tho  porfomaMoo 
T«lu«  of  a  priori  Information  dooreaota  vith 
and  alto*  inreraoAj  aa  tho  enot  oxponooia  of  ob- 
talnlAff  it* 

M  d*  1 

"  wip’t 


Inla  fomula  denote*  tho  docremtln^  perfonttneo 
Tatuc  of  resolution  rmn^  as  tbo  amount  to  to- 
crmmasd* 


<>*  /«a5,  ,  «a*o 

.>r(n)  <»»*  ’W 


I 


this  eiprenaion  r'l.cwo  hoa  iha  parfoT^anea  ealue  of 
(S/N)  dccro^ti'a  aith  jncreaaimr  S,  V,  and  the  en¬ 
tropy  or  negative  iofaromtlon  content  of  the  si|^ 


Since  #p^dlenLa  anr  all  poaiilee*  there 

in  no  true  naiinun  for  (db/dc).  Hov«*>ery  it  Is 


$)nr*  correlation  playa  auch  aa  Lapt^rtani  pair^  in 
the  operntlon  of  Inromatlon  haailin^  aystssa*  it 
la  Intereetin^  to  avaluate  the  oyotmn  aconony  In 
term*  of  corralatlon  factor  C,  in  •  I  ^  aap  (Sent 
Than 


an 

■3^57  3*1; 


<»ii  d\ 


Fron  Vhena  aiprvtniont  and  the  evi  is  spending  plots 
in  Pitres  1-6*  the  profltaMlIty  or  profit  rmia 
fmn  irvettlnA  ooncy  fron  a  limitad  budget  in  aoy 
of  the  fsctora  cun  ba  deiaminen*  and  the  totnl 


[j 


*  S  (’“'(i  ijij 


inveolnint  op*imirefl.  tliant*«''**oa  of  the  currao 
befo'^e  inrcrting  values  fmn  experlenco  In  iha  con 
«tnntfi  of  ir*i>jrut|Qn  •n'l  th^  fivrd  co'^fflclcnta* 
srioss  i^e  ircniJs  In  s  broad  aen-e*  Theas  irvcloda 
thv  t..ni  p-ofitsPi)  i  le  of  "TH*  or  resnloiio^ 

ri»n,:4*^  arifj  iiT  a  priori  l'*r<'muiion*  nnd  of 

**l.Tn**  vlaplc  svntems^  ^e  d^creswtng  profit^ 
fihl'itv  of  pnror  rain*  and  of  IHo  mao  of  noiao 
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nfaolJK  «Mt4P,  la  <*»• 

•utm.  Flmllr,  »b«  CTiwnlUllj  la«^^ 
WmCIU  «f  «*•  «iorr«X*tloaf  thf 

la  Jaatinal  Iff  »ha  aaUm  »f  tha  fi^jaloal  al**- 
aUoa  aia  ef  tiM  al«aflea«oa  attaekaff  ta  tha 
4aaU-a<  infanaiUea,  la  abeam  la  tba  rml* 

U  Bomalaalw.  tta  >Mt  IfiraatMat  for  1»- 
■mmmt  taatlaff  yarfuiaanni  la  la  affaiaa  lataffra.* 
tloa  aal  la  aat^lac  Iba  ajrataa,  aa  a  oorralatlM 
fllUir«  lo  tba  taatlBa  ffiaelaa.  lha  ffaaarallj  K* 
aallliw  aiybaalB  la  ocaUapoiaiT  •.ifflaaarlB*  la- 
b1^  ea  uraalar  aeeoraaff  and  algial-te-oelaa 
latloa  laada  ta  loaar  ratuma  la  parforaaaoa  par 
dollar,  thaa  if  tba  aaaa  aaibaala  wara  to  ba  placid 
aa  baadwldtb.  filter  dealgn,  oorraUlloa  taohMtu* 
aol  otarall  iffaVia  laUgratleo.  Tbli  la  true  ra- 
g,j4X»»m  of  tba  •atata-of-tba-art*  of  thaaa  ta«b- 
BlqBia.  ■baa  tba  ooai  of  laoraaaad  aeouraoff  uid 
of  batter  al^al-to-oolaa  ratloa  la  o<»ialdarad, 
tha  artma^aaa  of  apacirflnd  iba  hffhaat  aeeur> 
acff  obtaloabla  aa  a  parforaanea  "aafaijr  factor" 
la  obTlooa.  la  abort.  In  ooat  loforaatloo  datbar- 
Ina  iffitaaa.  Internal  aocaraolaa  an!  aldnai-»e- 
Dolaa  ratloa  are  tba  laail  afraotlri  eoatrlbutera 
to  tba  overall  parforaaaoa.  ftalr  iaportaoca  haa 
bean  ffraatlT  orareatlaatad  la  tha  paat,  ao<<  ooo- 
“ — —  to  ba  bff  a  df*at  oajorltjr  of  an«tnaara. 


_ Oatput  Inferoallo*  aa  Aootoo^  Ui 

lUlm  ••  •  ^ 

Fljpv*  5 


H  ~  f(«)  {ftrf" 


-  Output  Infonotloo  aa  Cerralatlaa  (a) 

Ratum  aa  a  ftMOtliai  oC  CoM 

Flffura  A 


s  f(lO  (rarfaaaaia) 


ft  •  f(^P 


Output  InfnraatSca  aa  Raoolrtlas  ff) 
Return  aa  a  functlco  tt  Cart 

TVura  5 


Ortprt  Infomitloo  aa.  Bolaa  Ra«uctloo 
Rciarn  ••  ftmdiloB  of 
Tigm  1 


/n  -  f  (R)  (Perforaanaa) 


✓  ;  f(>^)  (•ooooiv) 

>  Ovtpot  laforoatloB  aa.  Rolleblllty  (R) 
.  Rotara  aa  fooetlea  of  Coat 
Piatira  2 


-  f(l)  (J’e'  «r 
m  f(*i)  (Rooortff) 


Output  Inforo*tloo  ra  Sffataa 
Return  aa  a.fnnotloD  of  Cort 


Com-lliert  W«loB  aa  Coat,  loff 
f  Ifaro  7 


oner  or  n  ■«« 

Cl  anf  BMccn 
ajt  c.  H. 


CAL  RABID  QOiTmJaCM, 
aJKOOiOcs  iMoauun 
BtnAqurfr*  tUAT 


■rt  IB  OnrfBf  aallnrlui^  fim  Ra^aR  aatll 
lata  teaiiiiar  oT  laat  ymt  ipw  lataia  (liaMl 
jainoltIrM  for  tha  flnt  tim  la  tka  klataaj 
af  latamattomX  laOla  lajiliitlnaa  «a  aack  aaa 


asTlea,  laAto  aatroaaar,  aat  aeattaa  aaaaaC* 
calloa.  tta  Ooatevaoa  alaa  took  fa  aat 
Xoaklia  etafa  to  aataiaeo  tfca  aafktr  of  LUk  aat 
yroyartjr  la  tba  atr  aat  oaar  tka  aaa  feR 

raipUatliaia  ailc^  aaoaR  ratto  tkla^ 
aaa  claarXr  kaHnaato  tka  fM^aaaclaa  far  aa 
la  caaaa  ot  Rlatraaa  aaR  Olkr« 

la^klatlona  raeupilaa  tka  aaad  fto  Riatlacilak 
Saf  liilaata  raRara  all  If  k  an  aaaj  fkr  laRta 
aarmtlout  Refaaaa,  anawrk  oaR  atom  Ratactloa. 
Ika  Coofaianca  raropilaaR  tka  crltlaal  attoatlaB 
la  tka  hlRk  frkjaaBej  flaaR  kaoka  akaaa  tka 
accaaaoRattoo  ot  akiltlaaal  la^al  wall  fn 
ftaqacQclac  la  alaaot  lipi— Tk^a-  Vila  fapar 
aiiftiii  latiiii  to  aack  ot  tkaaa  Itm  altk 

lafaraoca  to  tkalr  ii^aet  ayoa  Ala  flaua 


RAPIP  lATIGArroR  ARB  RAma  IflCaBM 

Jbm  19kT  KaRlo  Oaoftaaato  lavaR  all  nRto 
aaaa  ludar  'radio  aarltatloa*  la  tka  Rka«aaac7 
A1  loratloa  Ikkla  vklfk  It  ckuvtaR-  Vat 
OwfCTesea  dlR  not  firriff  —  tka  aaaf  aaaa  ta 
aklck  thla  taekalqua  aoolR  ka  apyllaR  vttkla 
tka  foUxarlaa  dOeada.  Womofor,  It  aooa  kacaaa 
okTloaa  Uat  It  aaa  klekl;  Aialsakla  ta  aaipaata 
tka  ftanuaauji  aul^piMiita  ot  radon  aaaR  fkr 
aortal  aarleatlOB  aaR  aalktj  fToa  tkoaa  ot  atkw 
laaortaot  tjpea  of  radar  arpllcatlBaa,  aack  aa 
Rafanaa  radara,  aircraft  aatt-aolllaka  laCva, 
aaR  aton  RatarUoa  rakua. 

Xb  eosalRaratloa  of  tkla  attnUaa,  tka 
OaltoR  Stataa  altk  atronf  Air  Foraa  moffor* 
P’oroaaR  to  too  19$9  Cnufaraaea  tkat  aaparata 
ftaqacnej  alloeatlona  ba  aaRa  for  aantatlia 
radora  aa  dlatlnruLahod  firoa  oUiar  radara.  Va 
aa  oBBxpectod  daeiaa,  ttaa  OoBfOranea  adoptaR 
tUa  eomirt.  It  larmrlRal  tka^  jaikirt  ka 
plaeed  loto  too  catocorlia:  radio  torlnV** 
oaf  radio  locattcai.  It  alao  aada  sayanto  fka- 
lywacy  allooatlona  for  ooek.  V>aa,  la  tka 
fOtoxa,  fiarlgatloa  radn  *111  far  tka  flrat 
tlaa  ko  protocteR  Itvm  lutaiTkraioa  oaoaaR  kr 
olkar  radara,  irtillo  at  tLo  aan  tlaa  tka 
Incrtant  noo-nartgrtloo  radar  aaaa  oUl  oat 
ka  cortollad  and  klndarrt  k/  tka  acaanttp  to 
frotact  oari40tlsa> 

Sukotaotlal  aUaratlnao  fOr  kotk  loRlo 
rovldatloo  sod  radio  loeatloa  aarrUBO  aaaa 
to  da  tkroudhout  tka  uaakle  apcctoto  akota 
ICO  Mc/a.  Itoiaa  allocathoa  vUl  aarto  to 
proanta  tka  crdarljr  sroatk  of  tkaaa  acrvteoa. 


Ika  rapid  Rtiialupoaiil  oT  radio  oo^caR.- 
cotlOB  la  uuokaia  oEoa  atjrlklatljr  kroogkt  Bot 
tkaa  la  tLa  flolR  ot  Ofoem  riatoialfatloa.  tka 
AUABt,l«i  Clt7  iBtaraatlBtol  Radio  OBofaraao* 
or  ItkT,  Oblok  aRoptoR  tka  Radio  RraRatMT 
tllnaatloo  faklo  cmaotlr  1*  fkm,  toda  to 
irorlalaa  for  axiia>tajiasUlal  rnaaaiilf  atliia 
for  tka  at^pla  raaaaa  tkat  ealp  tklrtaao  lam 
*CB  tka  oaad  for  ooek  i  lotoiilf  atloo  ***  aat 
aaaa  aorla^rd  kr  tka  dalaffitoa  to  tkat  OBa> 
faroBca.  Ab  a  toktar  cT  fact.  It  oa*  aeC 
aatll  |r*vax*tlooa  oara  koRto  far  tba  lotar- 
aatlacal  OaothTatoal  Ibbt  that  aelaatlata  aad 
ci^Miiili  itora  cm  aarloM  coaalRaratloo  to 
tha  fcoUaaa  which  alRkt  ka  aaconotaraR  oka* 
atta^tli^  to  i.iatoiiilijata  altk  toa-aada  objaata 
la  apaca.  tbarafora,  adoptloa  bj  tka  X999 
RaRln  Ooofaraoca  oT  apaclMo  radio  fianaaacj 
allocatlona  ftr  apaeo  ittoajalfatleoa  aaa 
nRktlr  b*  coaolRaraR  a*  liiaiaatiBa. 

Iha  Dnltad  3tataa  and  tka  IkilbaR  dnpRca 
dalapatloaa  took  tka  lolVaUa*  at  tka  Ooa- 
faraoc*  to  brloR  a  Roffaa  of  taco«>ltliao  ta 
tkla  BOO  aa*  of  radio  tnaaiilratloa  oklek  bob 
OBCi^laa  latornatloiiBl  atatas  alocc  vltk 
old>lljia  radio  aarvloM,  aack  aa  tka  ftxat 
aad  acklla  oerrUom  oklek  bara  baaa  rocogiilaaR 
latorBailooaUir  for  oora  tkaa  fifty  ya*n> 

Altkoi^  tka  Oalted  Stataa  laalatod  at 
tka  opaolBR  oT  tka  OoofCraaca  tkat  oon 
apoctfle  radio  frotaaoey  baada  aara  Bacaaaary 
1— dlatoly  for  tka  oaa  oyaca  aarrle*,  toay 
coaatrlca, particularly  tka  atollar  ooaa  altk* 
toit  tka  capablUtgr  ot  exto-ialra  apaca  laaaarc^ 
wera  only  adUly  lotoraatad  la  allocotl^ 
p(Bt.loa»  of  tka  already  aarlnialy  ereadad 
radio  fraqaeney  apcctnai  for  tka  apaca  radl* 
aanrlc*.  Brea  Ua  Sorlot  OdIod  Balapatloa 
oalntalrad  tkroudkoot  tka  Confarane*  tkat 
•Uoeatlooa  for.  apaea  caaaaioleatlea  aoiUd  ba 
prototura.  Vat  Dalaflatloa  Rid,  boaarar, 

OBre*  to  b*  a  ataker  of  tka  Confaraoc*  ato> 
cmCttoa  vblch  laaosoratod  tka  atuRy  of  tha 
ni’kica  and  rceoamoCed  baoR  allocatlooa  ta 
tka  Hlo  cooMdttoa  iteallnp  altk  froqaancy 
allocatloaa. 

Aftor  proloond  dlaoaaaloa,  tha  Ooarareoe* 
floalljr  recognlaad  tha  apore  radio  oerrlea  by 
daflottlo*  Bod  toda  irovlaloa  for  it  to 
oporata  In  tklrtaea  kaoda  lotaraparaad  Usoob)^ 
mt  tka  radio  opectroa  abom  10  Mc/a.  It  la 
Intoiaattns  to  noto  that  tko  hand  13^177  Mc/a 
la  ooa  of  the  banda  vhlcb  all!  bacoaa  mUabla 
altltotely  to  tka  apaea  acrrlca  oa  aa  axcltolea 
baala.  Vila  band  all!  ai  i  I'mnilita  thoaa 
operatlona  noar  loB  W;/*  ableh  aar*  aaaoelatod 


*lUi  oarllcr  apac*  raa««reh.  Aoottar  l^ortant 
cootrlbutloo  Bcda  by  tb*  Confaranea  i«a  a 
lii  caaiiilatlnii  that  a  apacUl  lutairatiooal 
coofaxaua  ba  eomranad  la  19^3  to  atudy  fvirtbar 
tba  ra<iulraaoota  of  tba  apaca  aarrlea  aol  to 
alloeata.  If  Decaaaary,  a441tiooal  fra^uaaey 
bands  for  this  aarrlea.  It  la  notavoftby  that 
tte  Coafaraoca  raeo^laad  tba  fact  that  apaca 
coMODlcatloo  U  atlU  In  its  Infancy  and  that 
auhatantlal  daralopaant  Boat  taka  plaea  bafora 
tba  apaca  zadlo  aarrlea  la  firmly  aatabllahad. 
Accordingly!  tha  Confaranea  prorldad  that  tha 
oaaly  allocatad  bands  for  tha  apaca  aarrlea 
shall  ba  used  Initially  for  raaaareh  pirpoaaa. 
Jbu  action  aaa  takan  without  prajudlea  to  any 
ultlMta  uaa  of  tbeaa  allocations  by  tba  apaca 
s«rrlc«« 

tiTillif  lapact  of  thi  G*nrrt  Coo- 
fcT«nc«  on  tlM  military  co««iinlcotlcn»  aod 
eXectrcnlc*  pro^^a  !•  to  provld#  on  oo  tntar- 
natloMl  baiU  nluabl*  •llocatlon*  to  MtUfy 
tbo  fro<iuer*c»f  for  »paco  rtMorch 

•ctlvltlts* 

long  raiig#  and  perbap#  oorc  li^ortant 
cav  wall  lUa  froa  tba  Confaranea 
reoocaerydatlon  to  hold  an  oxtraopdliary  world* 
wide  radio  cor^*r<r>ct  by  1963  to  coniidcr  "tha 
allocation  of  freqv*ency  bar.da  aasentlal  for 
tha  vmrloua  catagorta*  of  apaca  radio  coB*jnl- 
catlon.*  Tbla  confararca  can  c^^anga  tha  fra- 
<lueoc7  allocatlor.*  to  tha  apaca  aarvUa,  a.4 
tbeaa  eha.ngai  could  affect  the  fra<iv»ei»cy  apace 
available  for  othex  .llltary  operatlona.  ThU 
(4'obleo  la  under  atudy  Ir.  the  Interdapart^nt 
Radio  Advla<7r7  Corxdtteea 

RADIO  AJP<t;rt  Kr 

Aa  1:j  tha  caac  of  the  apaca  radio  aerrlca, 
the  radio  aatjronortry  aanrlcc  la  a  lata  conar 
In  the  international  radio  freqjency  pUture. 
Accordingly,  It  la  hardly  a^irprlalng  that  tha 
Confcrer-ce  waa  r.ot  prepaT^d  to  give  thla  aar- 
vlce  the  ultmte  frequency  allocation  or 
ipectruo  reservation  which  it  dejerveaa 

The  United  Jtates  ^  Genera 

Radio  COfifeivrre  with  respect  to  radio  astronomy 
waa  ti-at  the  bond  IU0O-IU27  be  allocatad 

exclviolvely  m  a  world-wldt  boala  to  radio 
astxcro^’a  It  wij  i.ot  until  tha  radio  con¬ 
ference  v«a  well  under  vry  that  arlantlata  ard 
radio  aatro  owera  In  the  United  Jtatet  and 
Ettrope  realized  that  thla  allocation  waa 
inadequate  for  their  pua’poieOa  In  con»eque;ica, 
they  sought  to  have  the  Conference  ra&erva 
additional  apace  for  aatronory.  They  were 
particularly  Interested  In  radlatlo.ia  frc*» 

*»ich  substarce*  as  dcuterluB  or  }21*^  Hc/a, 
hydrogen  on  Mc/a,  and  the  hydroxyl 

radical  (oH)  or,  l667.f^  Hc/s,  T».a  Confertree 
ultiretely  rode  provlsloi-  on  ^3  discrete 

fpequereles  or  bwde.  fox  radio  aitrorowya 


In  ooXy  one  eaae,  naaaljr  tha  bydrocao  Xlaa  U 
tte  band  IbOO-lber  Me/a,  vaa  e  claar  alloeatlea 
aada*  la  othar  caaaa,  tba  Confaranea  aitbar 
rarriTilii  Utft  cartaln  banda  ba  kapt  elaar 
for  radio  aatrorro^j  or,  by  aaaoa  of  foetaotaa 
an  tha  allocation  tabla,  irovlded  for  tba  pro- 
taettao  of  radio  aatrcncay  banda.  Altbougk 
alXocatloo  atatua  waa  oot  gaoarally  aeeordad 
to  radio  aatroDomr,  tba  Confaranea  vaa  aary  ■aeb 
aware  of  tba  nacaaalty  for  protactiog  thla 
aarvlea.  Radio  aatronegy  ia  alraady  proTiding 
Mb  bnowladga  of  tba  aat«a  of  apaca. 

Undoubtedly,  futora  radio  conferancas  will  aadar* 
talia  to  inaura  graatar  protectioo  againat 
•Min-Mda  inUrftranea  to  tha  radio  astroocadcal 
obaareatooriaa  vhUb  ara  balt^  astabllabad  lx 
aany  placaa* 

SAferr  or  ur»  ajo  reoPERTi 

Tha  United  StaUs  Air  forca  Air  lUacaa 
Sanrlea  provides  worldawlda  air  raacua  aarrlea 
for  all  Air  Forca  and  other  U.  S.  Kllltary 
activltUa  raqueating  tbeaa  aarvicai.  In  addU 
tion,  tha  Air  Reacua  ^rrica  randara  aaalatenca^ 
upon  request,  to  civil  aviation  of  tha  Unitad 
Jtates  and  to  civil  and  ailitary  aviation  of 
other  countxlaa*  Tbe  results  of  this  Confaranea 
eo.v'emlrg  the  regulation  of  fraquenclaa  IxTolvad 
in  the  safety  of  life  and  property  have  a  dlract 
baarlng  on  eovriunicatlona  involved  in  Air  forca 
Air  Reacua  operations.  Accordingly,  it  vaa  a 
aouree  of  great  aatlafactlon  to  tha  Air  Force 
that  a  r.uAber  of  proposals  which  tha  Air  forca 
either  made  or  actively  supported  were  adopted 
by  the  Confertr'ce.  The  flrat  of  these  waa  to 
irerease  the  utility  of  tha  frequency  836*1  kc/a 
upon  which  survival  craft  tranaaltt  Vhila  thla 
frequency  has  since  l?^7  been  recogrlied  aa 
avellable  to  lurvival  craft,  its  ust  vaa  ahared 
betvee.’.  such  craft  a-'d  ship  radio  slationa# 

Aa  a  cor.aequeree,  when  tha  low  power  trana* 
•ittera  of  aujvlvel  craft  usad  thla  frequeney 
durl emergencies,  the  extremely  heavy  inter¬ 
ference  fron  ship  stations  precluded  searching 
aircraft  a:  d  ships  fros  heerlng  the  survival 
craft.  TTre  Radio  C  >nrer«ice  agreed  vitb  the 
Air  Force  view  thet,  1:.  the  1  itcreit  of  aafety, 
it  vat  receosary  to  prohibit  the  use  of  tbia 
frequercy  by  ship  atatlC'.s  for  routine  calling 
purpoaea.  Accordingly,  the  frequeitcy  if  now 
reserved  exclusively  for  survival  craft  and  other 
craft  e>«>ged  l:i  search  end  rescue  sctlvltteia 

The  frequeicy  2^3  Hc/a  haa  for  ao«t  yeara 
been  used  for  aearch  and  rescue  purpoacs  by 
niliiAr^  aircraft.  The  Air  Force  believed  that, 
in  the  I'lterest  of  expediting  rescue  efforts, 
thir.  frvqueiKy  snould  be  tsade  avatlabla  on  oueb 
the  aaoe  basla  as  the  frequettry  636^  kc/a.  Tba 
Radio  Co‘.rere:ce  reaJlly  arreed  with  thla  view 
and,  os  a  result,  there  are  ow  twn  frequencies 
arellatl^  t'»  jurvlrsl  rreft  urd  ere  reserved  for 
nearch  a-.d  rescue  work. 


ADOtlMT  rt*?  1»to«  by  tfa*  Ooirtbriii*  *• 
•ateae*  tha  aalbty  ot  Ufb  aad  1»  tba 

air  aaA  oe  tia  Mb  ««a  tba  taraaa>ai  amlMla 
(IvaB  to  ttw  ftatiaoey  ZlBe  Ke/a  as  Oa  tartar* 
national  talopbona  dlstrsaa  fraqiiMey.  ms 
fraqusney  aas  (Itsd  alaoat  tbs  saaa  dtaiaa  ft 
protsctloe  as  Uat  vhleb  baa  btsterlraHy  baas 
affoidad  500  ka/a,  tbs  lotarnatlocal  loAX* 
talagrsidi  dlatrats  rtraquaney.  Proa  tba  ataa^- 
point  of  tt»  Air  farca  this  la  lafnrtaaa  alBCSt 
la  tba  paat»  tbaia  has  not  baaa  aaa  jabU  a 
good,  rallabla  fraqusoey  within  tba  saaip  of 
Air  roaxa  BT  aliboms  sttulpasot  for  smi^  ary 
two*way  comaunlcatlon  with  coast  statlMB  and 
ships.  Ttera  i»*s  bsso  occasions  wbara  anak 
a  fraqooncy  could  bava  bssn  usod  to  as  adwanUca. 
Prariuancy  2162  ke/a  la  now  STsUabla  fw  this 
purpoas.  It  will  ba  vaU  guardsd  by  coaa« 
stations  and  ships. 

SClTTBt  OMdCnCATBH 

Coltad  Stctsa  poropoaals  f«  radla  fra^ncy 
■Uocatloa  for  Ionospheric  forward  aeatbaa 
coaaunlcatloo  bshrssn  30  and  50  Ifc/a  '•an 
racalwad  by  tba  Confaraoca  with  adjad  raactlnoa. 
A  faw  eouu^laa  such  as  tba  Sowlat  Italoa  and 
BratU  wars  Intaraatad  In  aatnbllahlag 
loooapbarlc  fotwixd  acattar  circuits  aadp  tbars'' 
fora,  taodsd  to  support  tin  Unltad  Stataa  pm- 
poaala  vbUa  aost  of  tbc  countrlaa  altbar  bad 
no  Intaraat  In  this  tachalgua  bad  fbara  that 
iDcraaaad  uaa  of  aeatbor  would  thraataa  tbalr 
■Mtluoal  talawtsloo  sarrlcaa.  Vblla  tba  Oaltad 
Statsf  propel  for  loooapberle  acattar 
aoTlalonsd  aavloraaat  of  fraquanslsa  Inaadlataly 
abova  aod  balow  \0  H:/a  so  as  to  bs  dUa  ta 
arold  r-2  propaiptlOB,  tbs  eanirtrlas  af  tba 
Suropaca  arsa,  wbara  talarlalon  aarrtca  la 
assigned  tha  band  hl.^  Hc/a,  <«>>elsd.  Aftar 
proloogad  dlacuiaton,  tba  Confaranca  dacldai  to 
conflns  lODOapbarle  forward  acattar  tiananlisloa 
to  tbraa  h  ke/a  bands  rou^y  batvaaa  32  and  39 
Mr/s.  nn  Confaranca  adopted  a '^raadfatbar 
clausa*  which  fanrrldea  that  cxiatlng  acattar 
opaiwtlooa  balow  to  Mc/a  aay  cootlna  aa  tbalr 
poreaaot  fra^uanclaa  provldad  tbsy  do  ant  latar- 
fera  with  otbar  tarwleaa. 

Tram  tba  st.s.>dpolnt  of  tbs  Air  Pores, 
existing  loooapbarle  acattar  circuits  ara  ant 
affected.  Howarar,  lacking  a  fra^aey  alloca¬ 
tion  for  looosptaarlc  forward  acattar  aibowe 
to  Hc/s  vlU  ■*!*  11  oaeasaary  to  uaa  praaaut 
fraqusDcy  aaalgneants  and  soalgoasnts  la  tbs 
Dsw  acattar  bands  with  caution  so  as  to  aw  old 
tbs  poaalblllty  of  Intarfsring  with  otbar 
aarrleaa  baesusa  of  7-2  aoda  of  propagattaa. 

nropdapbarle  forward  acattar  tai  ba1v"< 
on  tbs  other  band,  aat  with  ganaral  cuafbranea 
apiroral.  Tbs  bsnds  alloested  to  tbs  ftaad 
sarrlca  ora  ganorally  avallabla  for  trepaspbarle 
scatter  circuits. 


cowasrips  a  m  nai  fMaoBcr  rm  ba— 

Tba  oontlmnlly  Inersotlng  ra^nlraassta  of 
all  eountrlaa  for  high  fta^uanelas  tor  lose 
dlstaeea  and  International  eiMaiiili  ntlan  la  a 
asttsr  of  eoneam  to  tbs  Air  Perea  and  to  all 
otbar  users  of  tba  high  fraguaney  portloa  ef 
tba  radio  apactrua.  Tba  density  of  fratiatasy 
ssslgnasnta  to  stations  and  tbs  wolnaa  of 
epsratlone  In  ths  swallabla  fraguaney  basis 
art  now  so  grast,  that  tbs  sceoModatlaa  af 
naw  or  azparJad  opaxatlona  cootlnaaa  to  baeoaa 
aors  and  aors  dlfflenlt. 

Aaong  tbs  rastona  for  this  althatloa,  tba 
following  nay  ba  aantlooadt 

1.  Tbs  steady  Ineraaaa  In  tba  ouabar  sf 
Indapandant  countrlaa,  aaeb  of  wbleb 
daalrsa  to  satabllsh  and  aalntaln  Its  owa 
global  coaainlnatlooa  faellltlaa, 

2.  tba  axpaodlng  aconoay  of  aany  eoaatrlM 
with  attendant  cowunlcatloa  ra^ulraaaata, 

3.  Tba  raduetloe  In  lotamatloaal  lataa 
and  laproraaact  In  aarrlca,  raaultlag  la 
graatar  public  daaand  fir  aaj-wlea, 

h,  Tba  aTallabUlty  of  new  custoa*~-to- 
custoaar  talatypa  and  facalalla  aarrleaa 
on  r.  global  baala,  aod 

5*  Tba  Inability  to  prorlda  rlda-band 
subnarlna  cable  faellltlaa  In  safflclaart 
Tuantlty  ard  bstwnao  anougb  ecuntrlaa  ts 
ksap  up  with  tha  growing  daaaad  Par 
aaridca. 

Tha  Ganars  Aadlo  confsmea  was  wall  swars 
of  this  situation.  In  an  sttaapt  to  flad  a 
solution,  tha  Confaranca  adopted  a  sarlas  of 
raaolutloni  and  racnrnaaiiilattcna.  Tbs  first  of 
ttMsa  would  tat  up  a  panel  of  axpartw  to  study 
ths  orar-all  ;roblaa  of  eongaatloa  with  ths 
Tlaw  to  asking  apse  If  Ic  racnaaanilatloaa  for 
■ora  aconoalcal  uaa  of  this  lapurtant  pcrtloa 
of  tha  radio  apactrua  and  ths  poatlbla  dlrarsloa 
of  traffic  to  other  radio  fraipancy  bands  sad 
other  nodes  of  coaaunlcBtlOD.  Aoothar  eonfaTSoee 
actioo  rsquaata  that  adalnlatrstloaa  radnea 
tha  praasura  on  tha  blgb  frequency  bands  by 
sdoptlng  new  frsqusocy-serlng  tscbnlqusa  to  tba 
naxloua  extent  possible.  Still  another  i  ir  rwacd- 
atlon  rafars  to  tha  consolidation  of  lightly 
loaded  radio  circuits.  It  urges  adadnlstrstloas 
to  conclude  special  arranganants  oo  ths  coMOa 
use  of  existing  Intsrnatlonal  radio  circuits  and 
raeoncHnds  that,  la  planning  saw  radio  elronlta 
or  the  axtanslon  of  tha  axlatlng  etrculta,  o4- 
nlnlatratlona  taka  Into  account  tbs  Confarsnos 
reconbdatlnns  on  this  aUbJact- 
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IB  coneluatoa,  tt  aboiaA  b«  forliit«4  out 
tint,  frtm  tbi  atanApolnt  ot  Air  Fwa*, 
thla  fmjmt  taat  tr««t«d  oaljr  tbi  BOr*  itgBlft> 
ccit  ctaocii  which  thi  19}9  IUi41b  CoafMraaM 
•HhetaJ  In  thi  XnUrsitlon*].  Ba4ie  ItMtulAttOM. 
Vm—  •d4  othar  changM  hj  Uw  CenfmaM 

•Ti  bilnti  rvflictiil  to  thi  rvrlilOM  to  th* 
Bitlorol  iod  Hllltaxx  docuanoti  which  aorwi  to 
■Bldi  tbi  diTolopaint  of  «q>ilpwat  and  riVUiti 
tbi  OfarhtlOB  of  coBBiotcitloo  iod  ilactronie 
ajritaai  of  tba  MUltuy  tarrtcoi. 


TRB  USE  OP  APPAKEWr  PtkIUDAT  ROTATIONS  XH  PRS&tCTZOH  OP  IONOSPHERIC  DISTODBANCSS 
By;  Measra.  H.S.  Manh  ana  R.  3.  Conilar,  AP  CM'orldga  Rasearoh  Cantar 


ABSTRACT 

Apparent  PARAOAT  ROTATIONS  on  WWV  and 
CBD  abort  path  algnala  are  atudlad. 

These  rotatlona  vanish  dtirlng  large 
■asnetle  dlsturbancea,  (high  Ak  Index) 
tot  have  ahown  characterlatlc  dally  pat¬ 
tern  ehangea  about  1  day  before  onaet  of 
large  dlst*. rbances,  and  other  pattern 
changea  during  return  to  quiet  condition^ 
throughout  Oct  1939.  They  are  frequently 
preceded  and  followed  by  marked  level 
differences  on  ww  ato  and  600  ^pe  tonea 
and  carrier. 

These  pattern  changea  may  permit 
advance  prediction  of  disturbed  Ionos¬ 
pheric  conditions,  aa  well  aa  of  Impend¬ 
ing  return  to  quiet  eondltlona. 

Strong  correlation  with  certain  forma 
•f  Sporadic  E  has  been  found. 

The  rotatlone  appear  best  during 
magnetically  and  lonospherieally  quiet 
periods,  when  normal  fading  and  multiple 
reflections  seem  abnormally  mLnlmlzed. 

Study  la  being  continued  to  cheek 
morphology  and  refine  the  possibility  of 
short-range  predictions  using  this  pheno¬ 
menon,  and  poBBlble  extension  to  pr^lct- 
lon  of  Arctic  Blackouts. 

Varlatloni  In  tinea  of  E  to  P  layer  or 
scatter  transitions  appear  linked  to  the 
rotation  and  remodulatlon  changea,  but 
cennectlon  It  not  yet  clear,  thou^  both 
mechanisms  sppear  closely  allied. 

lYTfWOUCTION 

The  Propagetlon  Lsborstory  of  ERD, 
APCnc,  has  recorded  amplitudes  on  various 
Wt  and  CHU  frequencies,  at  Seltuate  and 
Concord,  Mass.,  for  about  one  year.  In  Sa 
study  of  Ionospheric  atormlneae  Indices.” 

During  the  etudy  It  was  found  that  two 
aanuaual  anomalies  occurred  Irregularly 
tat  persistently  on  certain  frequencies, 
both  from  Washington,  WWV,  and  from 
Ottawa,  CHU,  airline  distances  to  Concord 
•f  about  and  302kra,  reapectlvely. 

The  first  noticed  Is  an  apparent 
peraday  rotation,  not  occurring  only  when 
the  signal  was  near  the  HUP,  but  often 
persisting  throughout  the  daylight  hours, 
end  often  of  machlne-llke  regularity, 
most  frequent  on  CHU  7.35  HWV  lOiKps. 

The  other  anomaly,  apparently  more 
frequent  In  vhe  winter  months,  la  an 
apparent  frequency  selectivity  of  propa¬ 
gation  on  the  two  tones  and  the  carrlcr- 
enly  signals  of  WWV,  often  causing  a 


eleen-out  level  difference  of  aeverel  db. 
between ihe  three  signals.  This  pheno- 
tonon,  originally  called  'two-tone 
remodulatlon' ,  typically  appaara  In  the 
twilight  hours  before  and  after  the 
apparent  Faraday  rotation,  usually  while 
the  signal  appears  to  be  propagated  by  • 
eeetter  swde,  before  and  after  the  period 
or  rerieetlve  layer  support. 

The  feet  that  appearance  of  the  appai^ 
ent  Faraday  rotations  appeara  to  be 
strongly  allied  to  variations  In  the 
magnetlo  Index,  and  appears  to  show 
changes  In  pattern  senothat  In  advance  at 
changes  in  the  ground-level  values, 
encouraged  further  etudy  of  both  pheno¬ 
mena,  leading  malnlyto  upsetting  of  seve¬ 
ral  explanations  which  had  been  advenecd 
for  their  occurrence. 

Like  Sporadic  E,  to  certain  forms  of 
which  It  show.'  a  close  alliance,  the 
exact  origin  arid  philosophy  of  this 
closely  coupled  pair  of  anomalies  Is  now 
largely  a  matter  of  conjecture. 

FORM  0P1HE  ANOMALIES 

Pig.  1  shows  a  sample  of  the  apparent 
Paridiy  rotation,  on  WWV  lOnc,  recorded 
slsiultaneously  at  Concord  and  Seltuate. 
Instrumentations  are  similar,  except 
Concord  uses  a  17-foot  vertical  whip 
antenna,  while  Seltuate  has  About  20  feet 
of  flat-top,  strung  about  15  feet  above 
ground.  The  calibrations  si's  not  Ident¬ 
ical. 

It  Is  seen  that  the  patterns  at  these 
t«H>  stations,  on  this  magnetically  quiet 
day,  ere  quite  similar,  but  not  Identical. 
The  A,,  value  reported  by  Ft.  Belvolr  for 
the  day  was  A. 

As  noted  on  the  Seltuate  record,  the 
low  frequency  rotations  most  evident  are 
probably  due  to  Interference  of  the  Lower 
ordinary  and  extraordinary  rays,  while 
occaslorvally  superimposed  on  then  can  be 
Seen  higher  frequency  Interferences  attri¬ 
buted  to  Interference  between  lower  r 
ordinary  and  federsen  ordinary  ray#.” 

At  magnetically  disturbed  times,  this 
regular,  long-lasting  phenomenon  Is  usually 
absent  or  masked  by  the  random  fading 
which  prevents  Its  recognition  except  for 
brief  periods  when  near  the  MUP.  The 
relative  infrequency  with  which  It  appeaia 
on  other  circuits  arouses  suspicion  that 
It  may  be  a  localized  critical  effect  of 
the  hl^  reflection  angle,  (short  path 
length),  or  of  a  magnetic  field  allgfvaent 
sensitivity. 

The  two  receiving  atatlona  are  separa¬ 
ted  about  55  miles  airline,  at  nearly  the 
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mtmt  dl*tane«  fro*  tfaihlngton,  and  ••pa> 
rated  perhapa  three  decrees  In  axliiuth. 

Aa  Mill  t>«  shown  later,  on  nasrvetleally 
disturbed  day  the  two  atationa*  patterns 
BMy  differ  vastly,  lending  acww  weight  t« 
the  suspicion  of  field  allgnaent  aenal- 
tlvlty. 

For  a  rough  eheetc,  a  few  daya*  obeer- 
vatlor«  were  madd  at  Chilton's  Pt.,  Va., 
near  the  edge  of  the  ground -wave  range  of 
WWV,  and  no  trace  of  either  anooaly  was 
found.  In  addition,  through  the  courtesy 
of  Dra.  H.a.  Booker  and  S.H.  Colbert,  of 
Cornell ,  a  brief  cxaalnatlon  of  WWV  5att 
recordings  at  Ithaca  was  nade.  It  was 
not  extended  enough  to  be  conclusive, 
but  gave  no  Indication  of  the  long- 
perelstlng  Faraday  or  two-tone  reaodula- 
tlon,  for  the  brief  stretch  of  data 
Ins per.  ted. 

If  the  aeeissed  Interference  factors 
noted  on  Pig.  1  are  correct,  the  cause  of 
the  rotationa  Is  sloiply  explained.  What 
Is  not  clear  la  their  long  persistence, 
sonetlaiea  on  several  frcquenclea  alnulta- 
neously.  and  far  reatoved  froa  the  KUF, 
and  the  apparently  extreM  quiescence  of 
the  layer  conditions  Separating  and 
reflecting  the  conponents  with  an  clnost 
entire  abaence  of  the  randon  fading  which 
Biaaka  such  anonvalles  on  oosc  nr  circuits. 

5 

Gardner  and  Pawsey  studied  such  rota¬ 
tions  at  vertical  incidence  with  pulses 
at  a  frequency  slightly  stove  the  gyro- 
frequency.  They  found  separation  of  the 
ordinary  and  extraordinary  rays  apparent¬ 
ly  occurring  at  E  sub-layers  sround  7) 
to  83ion  high.  This  rotstlon  would  appear 
morning  and  evening,  and  usually  dis¬ 
appear  around  midday,  when  high  Ioniza¬ 
tion  would  cause  complete  absorption  of 
the  extraordinary  ray.  The  wwv  and  CHU 
signal  rotations  showed  the  same  chsrae- 
terlstlc  midday  d  jappearance  during  the 
aunmer  months,  which  was  not  present 
during  the  winter. 

Other  evidence^  Indicates  the  probable 
existence  and  importance  of  such  sub¬ 
layers.  Existence  of  the  Cardner-Pawsey 
sub-layer  structure  as  a  probable  gene¬ 
rator  of  the  Faraday  loterference  modu¬ 
lation  regardless  of  whether  signal  re¬ 
flection  occurred  at  the  E  or  F  layer, 
sp*cuf accepted,  as  a  basis  for 

This  supposition  was  reinforced  by  an 
attempt  to  correlate  occurrence  of  the 
rotation  with  F.-layer  maxlmua-total- 
denslty.  Since  Faraday  rotation  on 
natelllte  signals  Is  used  as  a  guide  to 
total  electron  density  in  the  path,  it 
was  assumed  that  a  direct  relation 
between  E  layer  maxlraum  density,  as 
derived  from  mld-or  end-point  virtual 
height  and  critical  frequency  soundings, 
should  appear.  Instead,  for  the  period 
sampled,  no  connection  between  occurrence 


oi'  the  rotations  and  the  Indleatsd  dana- 
Ity  could  ba  found.  Ttila  relnforoed  tha 
concept  of  a  ae*l-tndepsndent  aub-layar, 
following  controls  not  revealed  by  tha 
groaa  E  layer  behavlovr:  poaalbly  dua  to 
Ionization  atratlfleatlen,  or  to  sag)!!- 
fled  iMgnatle  senaltlvlty. 

Pia.  a  ahews  a  mamplm  of  tha  freqistncgF' 
aele'oclve  propagation,  or  *two-tona 
reoMdulatlon*.  on  what  is  ballavad  to  ba 
a  ground-aeatcarad  algnal.  Tha  two- 
■Inuta  carrlar-only  periods,  (tha  lowaat 
Ilna  of  tracas),  and  the  ae^rsta  laval 
avaragsa  of  tha  two  thrss-nlnuta  tona 
groups,  can  ba  clearly  dlatlngulshad. 

Tha  ataa^  rtaa  in  gaoaral  laval  until 
0415,  and  Ita  equally  steady  decline 
thereafter,  aUght  ba  due  to  a  ground- 
acattar  focussing  effect.  This  type  of 
apparent  scatter,  with  or  without  visible 
tone  distinction.  Is  quite  eoasson  st 
night.  Ita  diurnal  pattern,  and  In  partU 
cular  the  absence  of  the  typlcsl  *20 
hours  dip* ,  make  It  probable  that  It  Is 
ground,  rather  than  classical  sld-point 
Ionospheric  scatter. 

When  first  observed,  the  snail  level 
differences  and  their  relative  attenua¬ 
tions  pemltted  possible  Interpretation 
aa  due  to  the  Luxesdwnirg-llke  tone  sclf- 
demodulstlon  or  eroBS-desMdulatlon  shown 
possible  for  low  audio  frequencies  on 
carriers  near  ths  gyro  frequency  by 
Hlbberd*  and  others.  So  It  was  first 
called  ’two  tone  uenodulatlon* .  Later  It 
was  found  that  the  two  tones  eould  change 
their  relative  anplltodss,  and  sometlJMS 
the  (originally  weaker)  carrier  exceed 
either  of  then,  and,  nore  rarely,  level 
dlfferencee  of  20db  or  nore  developed,  ae 
the  local  nane  was  hurriedly  changed  to 
•remodulatloo* ,  since  all  these  latter 
changes  are  contrary  to  the  neehar.lea 
outlined  by  Hlbberd. 

WW7  on  ICncps  trsnsnlts  the  tones  aa 
upper  sidebanda,  added  to  the  carrier  for 
three  minutes  out  of  every  five,  alter¬ 
nating  the  6oO  and  44o  epa  tones,  and 
starting  with  600  epa  after  the  hourly 
five  ainute  noise  bresk,  and  announce- 
nent.  Noticeable  la  the  absence  of 
interfering  signal  during  the  noise  break 
at  0445  Esr. 

Several  powerful  algnals  fron  MW,  all 
nodulated  at  the  sasM  tone  frequency,  are 
present  slnultaneously  In  about  the  aane 
ionospheric  reflection  area.  Hlbberd 
shows  the  possibility  of  a  low  audio 
frequency  heating  effect  transferrliv 
partially  non-reooverable  energy  to  the 
electron  plasna.  resulting  In  attenuation 
of  the  upper  portion  of  each  cycle  of  a 
powerful  wave.  This  say  cause  attenua¬ 
tion  of  the  order  of  several  db,  In 
addition  to  the  generation  of  harmonics. 
The  effect  nay  occur  either  frosi  aelf- 
demodulatlor.  or  cross-desiodulatlon  by 
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another  alfnal.  Spectna  aitalyola  haa 
ahottn  the  presence  or  algnlflcant  aeeond 
haneonlca,  and  weak  but  recosnlzabla 
third  haracTnlcB.  Ttw  relatively  vaat 
differences  In  aiq>lltude  between  the  tcnsa 
and  carrier  aonetlaea  seen,  as  wall  aa 
the  inversion  of  the  expectable  relative 
aiq>lltudes  of  the  tones,  are  both  con¬ 
trary  to  the  Hibbenl  self  or  cross  sM>du- 
latlon  pcchanlcs,  but  Its  possible 
presence  has  not  been  ruled  out  as  yet. 

Mo  attractive  other  explanation  for  the 
phenoreenon  has  been  found  as  yet.  One 
possibility,  now  being  explored,  lies 
In  the  fact  that  Concord  Is  slightly 
under  one  wavelength  distant,  by  alrllns. 
froB  Washington  for  one  tone,  and  slightly 
over  one  wavelength  for  the  other.  If 
two  slowly  varying  paths  of  unequal 
length  are  posalble,  a  mechanise  of 
differential  audio  Interference  patterns 
could  be  generated.  .Such  a  sieehanlaa, 
however,  would  nut  be  compatible  with 
Fig.  2,  in  which  all  three  conponenta 
reach  an  aapliCudc  peak  and  start  weak¬ 
ening  at  about  the  saae  tine. 

Fig.  ;  shows  s  fairly  cannon  transl- 
tlonpSTTem  from  daytime  F — reflection 
to  nighttime  scatter  signals.  At  first, 
a  fairly  clear  rotation  pattern  Is 
(resent.  Then  after  the  IS^S  EST  noise 
break,  a  thinned  trace  characteristic  of 
approach  to  the  appears.  A  few 

nlmites  before  reflection  falls,  around 
1920,  a  few  depressions  of  the  carrier- 
only  signal  appear.  Th.en  the  signal 
drops  to  the  quite  steady  scatter  level. 
The  beautifully  separated  levels  of 
Fig.  2  are  not  visible,  possibly  due  to 
the  Interfering  signal  visible  at  the 
noise  breaks,  but  quite  regular  depres¬ 
sion  of  the  carrier  level  during  Its  two 
■Inute  periods  can  be  seen  and  measured. 

ANOMALY  fATTERHS  AND  THEIn  rO.RRcL*TIf»NS 

TUuspIe  correlatVor.s  of  the  anomalies 
were  uade  with  various  Ionospheric  para- 
weters  as  a  prellnlrvary  to  more  detailed 
study. 

Pig.  S  shows  the  Incidence  of  clearcut 
rctalTori” on  CHU  7.3  rxps  through  most 
of  Oct  V)  compare]  with  Pelvolr  dally 

variations.  The  second  line  from  the 
top  shows  the  quite  regular  occurrence  of 
forenoon  and  afternoon  rotations  typical 
of  loagnetlcal  ly  quiet  days  for  this 
frequency  and  season.  The  left  portion 
nf  the  upper  line,  on  the  other  hand, 
shows  the  complete  absence  of  Faraday 
typical  of  disturbed  periods.  An  Inter¬ 
esting  point  heij  Is  that  on  the  Ath, 
while  aI  Is  h.gi..  lotatlon  appears  In  the 
afternoon,  arid  Is  followed  about  a  ^0% 
drop  In  A.  for  the  following  day.  While 

recalnl  SKxlerately  high,  afternoon 
Faraday  persists  through  the  7th,  ending 
In  the  very  qu'et  spell  discussed. 


Conversely,  following  a  aoderately 
qttet  spall.  In  the  17th  afternoon  Parsday 
only  appears  for  a  very  short  period,  and 
the  following  day  the  A,,  rises  to  over 
30.  “ 

These  two  Isolated  occurrerveee  do  not 
prove  anything,  but  considered  with  the 
long,  consistently  present  or  conelatent- 
ly  absent  tljses,  they  hint  the  possibi¬ 
lity  of  a  ■agnetleally  aenaltlve  sub¬ 
layer,  possibly  aa  predicated  by  Gardner 
and  Pawaey,  which  might  telegraph  ahead 
SBgnetlc  field  changes  eubatantlally 
before  they  reached  the  earth's  surface. 

If  further  study  confirms  and  clari¬ 
fies  this  apparent  effect,  it  could  prove 
a  strong  tool  toward  prediction  of  sMg- 
netlc  and  Ionospheric  disturbances. 

CORHELATIOM  WITH  E, 

Three  major  types  of  Sporadic  B  have 
been  observed  during  the  study  period  at 
Ft.  Belvolr.  Va.,  Ft.  Honmouth,  N.  J.  and 
Ottawa,  Canada,  but  not  necessarily 
simultaneously. 

1.  Blanketing  which  does  not  permit 

E  or  P  region  returns,  frequently  occurs 
St  around  100  km,  below  the  E  layer 
maximum  height. 

2.  Transparent  B.  which  pemlts  F 
region  retuina.  * 

3.  Weak  E  which  permits  both  E  and  F 
region  returns. 

Good  correlation  has  been  found  be¬ 
tween  blanketing  E  and  the  appearance 
of  apparent  Faraday  rotation.  This  type 
of  E  Is  a  large  Ionized  cloud  seversl 
ku  In  area  rather  than  a  series  of  small 
fast  moving  clouds  of  Ionization. 

The  close  correlation  observed  briefly 
between  the  Faraday  rotation  and  a  certain 
form  of  Sporadic  E,  If  the  hypotheses 
that  the  Faraday  rotation  takes  place  at 
a  fairly  specific  E-sub- layer,  la  Inter¬ 
esting  In  the  light  of  a  recently  advanced 
theory,  suggesting  the  formation  of 
Sporadic  E  as  possibly  due  to  turbulence 
and  vertical  wind-sheer  arising  In  the 
same  general  sub-layer  area. 9 

This  possibility  is  supported  by  the 
fact  than  In  the  temperate  zone,  E  has 
a  negative  correlation  with  magnetic 
activity,  aa  doea  Tlie  Faraday  occurrerKe. 

\  Ottawa  to  Boston  KUP's  have 
been  plotted  based  on  Ottawa  soundings. 
The  MUP  for  the  blanketing  E  Is  quite 
high  compared  to  the  E  and  P  ftuPs  and  the 
Faraday  Rotations  appear  with  the  occur¬ 
rence  of  blanketing  E  aa  can  be  seen 
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froo  0600-1>00  houp«  Ana  trom  IBOO'1900 
hour*.  Tr*n8p*rent  E-  and  weak 
occurring  at  other  time*  have  shown  no 
correlation  with  the  appearance  of  the 
anomaly.  Mor*  information  oonoemln* 
the  probable  sublayers  of  the  B  region 
1*  needed  before  more  definite  connect¬ 
ion*  betweoh  K  and  apparent  Paradsof 
nechanlsna  can’be  established. 

PlR.  6  shows  a  worksheet  exhibiting 
signal  and  anomaly  morphology  through 
late  Dec  59  and  early  Jan  60.  As  a 
worksheet.  It  is  too  crowded  for  comfort, 
but  shows  Interesting  trends. 

On  the  2Sth,  with  high  Storm  Index 
and  A.  ,  only  a  short  patch  of  afternoon 
ParadSy  appears,  followed  by  several 
hours  of  heavy  "two-ton#“,  after  reflec¬ 
tive  layer  failure. 

On  the  2yth,  and  briefly  on  the  30th, 
with  decreasing  Storm  Index  and  A^,  a 
rare  event  occura.  This  is  the  simulta¬ 
neous  occurrence  of  Faraday  and  twotone, 
which  appear  otherwise  almost  always 
mutually  exclusive.  Thence  onward  a 
fairly  regular  dally  pattern  of  Faraday 
appears,  with  a  few  spells  of  twotone 
preceding  It,  without  obvious  motivation. 
The  midday  Faraday  disappearance  noted 
earlier  In  the  fall  has  vanished. 

A  possibly  significant  fact,  not 
Illustrated  here,  wae  that  for  about  a 
week,  evening  twoto.ne  always  acconpanlod 
scatter  for  several  houra  w>Ten  the  scat¬ 
ter  field  was  weak .  and  nev^  accompanied 
the  scatter  when  the  ssatTer  field  was 
strong,  particularly  shortly  after  the 
■faflure  of  reflective  support. 

i  ;iOP  TRANSITIOM 

An  Interesting  fact  Is  that  2  hop 
propagation  Is  predominant  In  the  evening* 
at  this  season,  and  1  hop  seems  vastly 
attenuated.  A  simultaneous  signal  drop¬ 
out,  not  shown  here,  was  observed  at 
Concord  and  Scltuate,  Hass.  Times  of  this 
dropout  corresponded  to  the  2  hop  mode 
failure;  the  signal  level  did  not  dis¬ 
appear  but  a  weak  signal  corresponding  to 
the  2  hop  mode,  which  was  possible  at  the 
time,  remained.  No  interference  appeared 
at  the  WWV  noise  breaks. 

In  Fig.  6  the  time  of  drops  in  Signal 
level  Aliening  reflective  failure  during 
evening  hours  corresponds  to  the  2  hop 
times  for  every  case.  Propagation  goes 
fro®  2  hop  to  scatter  ratner  than  2  hop, 

1  hop  then  scatter.  Two  examples  are 
shown  In  Table  No.  1. 
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The  tranaltloo  period  from  scatter  to 
layer  propagation  at  sunrise  does  not 
display  this  3  hop  node  depending  but 
rather  layer  support  begins  with  the 
1  hop  mode.  The  time  difference  between 
1  hop  mode  and  .  hop  mode  at  aunrlae  la 
less  than  one  hoar  while  the  evening 
difference  Is  at  least  2  hour*. 

The  example  of  Jan  lat  on  Ftg.  7  shows 
s  magnetically  quiet  day,  but  la  abnormal 
It  two  reapecte.  First,  the  tSO  cpi  tone 
median  lo  greater  than  the  6C0  cps  tone; 
second,  the  db  spread  between  tones  and 
carrier  la  20  db  greater  than  normal. 

The  Ato  cp*  tone  6C0  epa  tone  median 
amplltudee  do  not  fluctuate  with  respect 
to  each  other.  The  sudden  rise  In  signal 
level  at  07*5  corresponds  to  the  transi¬ 
tion  from  scatter  to  reflective  propaga¬ 
tion. 

The  Jan  5  exaaplc  with  Aj^  1*  and  Stona 
Index  -25  shows  a  nonnal  nagnetlcally 
disturbed  day  with  AAO  cps  tone  amplltud* 
fluctuating  about  the  6co  cps  tone  ampli¬ 
tude  level  and  a  db  spread  of  about  6. 

Inverslona  of  the  twotones  occur 
several  times,  and  could  conceivably  be 
related  to  varying  Interference  patterns 
caused  by  phase  variations  at  the  two 
audio  wavelengths,  as  suggested  elsewhere. 

Fig.  B  la  worth  a  brief  look  as  lllus- 
t rating  the  sachlne-llke  regularity  the 
rotations  can  achieve,  and  sustain  for 
hours,  on  a  magnetically  very  quiet  day. 

Fig.  9  deserves  a  second  look,  showing 
the  difference  between  simultaneous  re- 
cordlni’s  at  Concord  and  Scltuate  on 
A  April  60,  following  the  vast  mag.ietlc 
and  Ionospheric  disturbance  starllnc  the 
end  or  May,  A^  for  the  Ath  was  back  down 
to  18,  Storm  IMex  to  37. 

In  contr.Tst  to  th;  uulet-day  close 
rslmllprlty  of  sl.Tals  at  the  two  stations 
chown  In  Fir,.  1,  they  now  appear  vastly 
different,  but  still  contain  close  cori-c- 
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•lightly  r«cs«d  Par«d*y>typ«  rotatlona, 
with  large  and  apparently  randen  aaipll- 
tude  vartatloi%  ar.d  alaoat  no  dlaeemlbl* 
trace  of  freqoeney  aeleettvlty  or  'two- 
tone  reewdulatlofi*. 

The  Seltuate  signal,  on  the  other 
hand,  shows  as  elear  and  regular  anpll- 
tude  separation  of  the  two  tones  arid  the 
carrier  as  In  Fig.  2.  A  novel  faetor 
here  la  that  the  separated  tones  at 
Seltuate  show  the  sawe  Interfereruia  pat¬ 
tern  as  appears  on  the  nearly  pure  rota¬ 
tions  at  Concord,  with  very  nearly  the 
aaae  rotation  periods  at  a  given  tl*e. 

The  general  swplltude  levels  at  the  tw 
stations  are  of  the  same  order,  except 
for  the  10  db  plus  depresalon  of  the 
carrier  at  Seltuate,  nearly  to  the  nolae 
level.  A  further  Agnirieant  factor  here 
may  be  that  the  Seltuate  Interrerence 
pattern  on  the  eax^ier  la  slight  compared 
to  that  on  the  two  tones,  although  this 
may  be  sMrely  a  function  of  the  far 
ainalier  carrier  amplitude. 

Pig.  10  la  another  Illustration  of 
the  strong,  but  not  Immediate,  negative 
correlation  between  the  percentage  of 
hours  per  day  that  Faraday  appeared,  and 
the  Belwolr  dally  variations  for 
Feb  60.  Storm  IndeS  figures  were  avall- 
stle  for  only  part  of  the  month. 

The  month  was  <iulet  magnetteally , 
so  the  rotations  never  disappeared  total¬ 
ly.  On  the  16th  and  17th  only  did  the 
Aj^  ever  exceed  20,  slightly.  On  these 
dfiys  the  Ionospheric  Stone  Index  ohot  up 
to  plus  Ij  and  plus  59,  respectively. 

The  percentage  of  Faraday  dropped  nearly 
to  zero  on  the  I6th.  rose  slightly  above 
50  on  the  17th  and  loth,  then  conrienced  a 
gradual  descent  until  the  21st.  Then  It 
started  a  gradual  climb,  with  Aj^  values 
remaining  well  under  10.  The  correlation 
bet.'een  and  percentage  Faraday  for 
this  nontn  was  -0.68.  This  data  has  not 
been  .Sidled  for  predictive  posalbllltlea. 

A  description  of  some  major  features 
of  the  two  puzzling,  allied  anomalies  has 
been  given,  with  some  evidence  of  corre¬ 
lation  with  leagnetlc  variations  and 
certain  types  of  Sporadic  E.  Like  the 
Sporadic  E,  no  very  satisfactory  explana¬ 
tion  of  the  phenomena  has  yet  been  found. 

Refined  instrumentation,  notably  a 
mobile  laboratory  operation  and  use  of 
directive  antenna  md  polarlmeter  observa¬ 
tions,  is  being  initiated  for  more  refined 
study  of  the  phenomena.  An  Important 
objective  of  the  study  will  be  to  sttempt 
to  explore  end  apply  the  apparent  antici¬ 
patory  effect  of  B-aJor  changes  in  magne- 
tolonle  conditions. 
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DIGITAL  BATTLEfTElD  COttWHlCATIOW 
By:  Mt.  W.  C.  Sl*el»,  Project  Eoftloccr.  Stcoi*erB*C«rl*oo 


Sn  D1*B» 


Intro<luctloo 

BASIC  l»  dlRtt*!  co*»*nlcatloo»  aqul^- 
nent  devtlop«d  by  Strooberg-Garlaon  - 
San  Dt.go  for  tha  United  State.  Marina 
Corp».  'H'*  "*“*  stand,  for  Mt- 

tlo  Area  Survelllanca  and  Integrated 
Coiasonlcatloo..  The  digital  cooawot- 
catlon.  gysten  Is  composed  of  an  Input 
device  known  as  the  Message  C-*nerator, 

•  voice-transmitting  Coeaiunlcatlons 
Link,  and  output  e<iulpaent  known  as  tha 
Terminal  Equlpnent. 


in  the  fall  c»  1957.  Strooberg-Carlsoo - 
San  Olego  engineers  went  on  maneuvers 
with  the  Marines  at  Camp  Pendleton  to 
observe  the  need  for  a  portable  digital 
consounlcatlons  Syatea.  As  a  result,  a 
proposal  was  made  to  the  Marines  for 
nialcsl  Coosnuntcatlons  Equipment  to  be 
used  on  the  battlefield.  The  task  was 
broken  Into  three  phases;  Phase  I  " 
proof  of  Feasibility,  Phase  U  -  Field 
Evaluation  Equipment,  and  Phase  III  - 
Operatlonel  Equipment. 


Phase  I  -  Proof  of  Feasibility 


phase  1  was  completed  In  December, 

1958,  with  the  successful  deoionstratlou 
of  feasibility  et  Camp  Pendleton.  Ihe 
Input  device  was  a  message  generator 
employing  a  telephone  dial.  Uboratory 
equipment  which  produced  an  electronic 
display  on  a  CKARACTRON  Shaped  Beam 
Tube  served  as  the  output  device.  Com¬ 
munications  were  demonstrated  over  wire 
lines  and  radio. 


Marine  Corps  personnel  carried  five  of 
the  tclephone-dlal-type  message  gener¬ 
ators  Into  a  simulated  battle  situation. 
The  telephone  dials  contained.  In  ad¬ 
dition  to  the  normal  10  digits,  five 
standard  military  symbols,  four  compass 
headings,  and  s  space.  The  ovessage 
consisted  of  target  geographical  posi¬ 
tion,  target  type,  and  general  target 
.direction  of  tnovement-  A  mop  overlay 
18  used  on  the  CH.IKACTROM  Shaped  Beam 
Tube  display  unit  to  show  the  reported 
intonnatlon  in  It  »  correct  geographical 
position.'  Friendly  and  enemy  forces 
were  directed  from  the  same  room,  so 


that  observers  could  sea  tha  aecuracy 
of  tha  lafoxmatloo  teportad. 

lihate  II  -  Evaluation  EaulB— t»E 
Operstlop 

In  March,  1959.  Stromberg-Carleon  -  siaa 
DlcgO  began  Phase  11  and  developed  the 
evaluation  equipment  detcrlbed  bcltmt. 
Essentially,  It  consists  of  the  Message 
Ceoetator  a^  Interpretiva  output 
equipment  known  as  the  Terminal  Etytlp- 
ment. 

The  Message  Generator  for  Phase  11  Is  a 
burst  type  device  rather  than  the  dial 
bos  used  In  Phase  1.  The  Informatloa 
reported  Includes  target  type,  target 
quantity,  target  position,  target 
direction  of  movement,  time  of  sighting, 
and  observer  identification.  The  trant- 
mltted  smssagu  contains  22  characters. 
TWenty-one  of  the  characters  ate  de¬ 
rived  from  thumb- operated  swltchea  and 
one  character  Is  permanently  wired  for 
observer  Identification.  Since  the 
Message  Ceneiator  produces  an  audio 
signal.  It  is  connected  to  the  micro¬ 
phone  Input  of  the  commonlcstloos 
equipment.  Although  the  mlcropho»»e 
for  voice  communication  Is  connected  to 
the  Message  Generator,  there  is  no 
interference  with  normal  voice  opecatloo. 
Voice  and  digital  messages  may  be  trans¬ 
mitted  simultaneously. 

The  thumb-operated  Informatloo  switches, 
which  have  10  positions  each,  ere  yurked 
for  an  Intelligence  appl Icatlon.  Eight¬ 
een  symbols  contained  on  two  switches 
are  available  for  describing  a  target. 
The  10  digits  of  position  Information 
(five  for  X  and  five  for  T)  allow  target 
position  reporting  with  an  accuracy  of 
10  meters.  A  single  individual  or  up  to 
nine  divisions  may  be  reported. ^ 

^  TWO  quantity  characters  are  provided, 
the  first  having  positions  0  through  4 
and  P.  C,  B,  R,  and  0.  The  second  char¬ 
acter  Is  0  through  9.  Thus  frm  one  to 
4v  inJlvlduals  or  from  one  tr  'nr  pla¬ 
toons.  companies,  battalions,  regiments. 
i,r  divisions  may  be  reported. 
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cub*  uotll  th«7  It*  on  Cba  rafercnca 
narki  of  Ch«  up  holdar.  Map  teal**  of 
1:50,000;  1:100,000;  and  1:250,000  uy 
b«  u««d.  Seal*  ivlcch*a  oa  eh*  cootrol 
panel  adjuat  eh*  •lectroolc  prc*«titatloo 
for  th*  up  fcal*  la  u**. 

An  elaccrlc  cyp*«rlt*r  recorda  th*  tar¬ 
get  Inforutlon  a*  It  arrive*,  provid¬ 
ing  a  perunent  record  of  all  digital 
meaoag.ei  on  a  3-lnch  x  S-loch  card. 

The  card  atock  1*  a  coaclououa  ribbon 
of  fan-folded,  plo-feed  paper  perfor¬ 
ated  to  rear  dovn  to  the  3-lnch  a  5- 
inch  card  alz*. 


A  punched  paper  tape  reader  aaioclaced 
with  the  typewriter  pecalca  Che  addition 
of  static  Inforutlon  auch  a*  th*  date 
to  each  neaaagc  card.  This  1*  accoa- 
pLlshed  by  switching  the  typewriter 
control  Co  the  tape  reader  at  tha  co*- 
pletlon  of  message  recording.  Th* 
desired  Inforutlon,  contained  la  a 
paper  tape  loop,  la  then  recorded. 
Controls  which  are  duplicates  of  the 
erase  and  new  target  controls  contained 
on  the  display  portion  of  the  terminal 
equipment  are  available  at  the  electric 
typewriter.  Also  associated  with  the 
electric  Cypewtltcr  Is  a  paper  tape 
punch  which  produces  a  paper  Cape 
record  of  all  Inforutloa  recorded  by 
Che  typewriter. 


Phase  11  -  Evaluation  Equip 
Packaging 


InaulAtad  *acloaur*. 

The  display  cam*  ha*  *  lag  which  awy  ha 
uaad  to  aupport  th*  alaalBg  cod  of  tta 
caa*  whil*  tb*  ocher  aod  uy  ba  zastad 
oa  top  of  tha  audio  box.  Thla  allosra 
kna*  •pace  for  a  aaaCad  oparaCor.  Thai 
aupport  lag  uy  ba  folded  aod  latched 
to  tha  boCtoM  of  tbo  diaplay  caaa  If 
til*  diaplay  1*  atackad  am  more  thaa 
oom  of  tha  other  four  caua  or  oa  a 
Jeep  or  other  vchlel*. 


phase  11  -  Evaluatloe  t 
Daacrlpciom 


The  prlury  purpose  of  th*  BASIC  equip- 
meat  la  digital  coKauDlcacloo,  hut  tha 
praseot  voice  capability  la  alao  rc- 
caloed.  Slmultanaou*  digital  aad  volca 
tranulaaloo*  are  mad*  poaalbl*  by  a 
notch  filter  In  the  audio  pass  baid  of 
the  voice  tranulaaloo  equipment. 
Frequeoclee  removed  from  tha  vole* 
spectrum  are  centered  at  2570  eye la* 
per  aecood  and  extend  from  21M  eye  las 
per  secood  to  2995  cycles  per  second. 

The  digital  infoniaCloo  is  tranul ttad 
Inside  this  band  by  frequency  shift 
keying.  The  frequency  shift  la  75 
cycles  per  second  from  center;  a  ‘‘I" 

Is  2645  cycle*  per  second  and  a  **0**  la 
2495  cycles  pet  second.  The  loforaatloo 
cranaalcced  by  the  Heasaga  Generator 
coaslat*  of  a  fixed  trauamlssloo 
sequence  aod  the  Individual  character 
codas.  T!.a  bit*  cooatltutlag  a  ua- 
sage  are  seat  aerially. 


The  Message  Generator  weighs  approxl- 
toaCely  nine  pou  ds  and  it  11  3/4  Inches 
long,  5  Inches  wide,  aod  5  1/2  Inches 
deep.  The  circuitry  is  contained  on  11 
printed  circuit  boards.  Eight  boards 
Ire  lengthwise  In  Che  case.  The  other 
three  boards  lie  crosswise  and  between 
the  rows  of  Input  switches,  which  arc 
contained  In  three  rows  of  seven 
switches  each. 

The  Terminal  Equipment  Is  contained  In 
five  field  cases.  These  are  the  dis¬ 
play  case,  the  audio  box,  the  power 
case,  the  logic  aitd  storage  box,  and 
the  Flexowrlter  case.  Standard  com¬ 
mercial  Stroraberg-Carl son  components 
are  used  In  the  terminal  equipment,  but 
the  packing  density  is  greater  than  for 
commercial  equipment.  The  cases  were 
designed  for  optimum  portability  from 
a  weight  standpoint.  The  storage 
element,  a  magnetic  drom.  Is  double 
shock  mounted  and  Is  contained  In  an 


The  Heasage  Ceuerator  contalos  a  125 
cycle  per  second  clock  which  la  used  aa 
the  tlur  for  th*  Heaeage  Generator 'a 
logic.  The  principal  compooents  of  the 
logic  are  two  counters,  one  for  se¬ 
quencing  through  tha  iofoentioo 
■witches,  and  the  other  for  detcnalnlog 
the  number  of  pulsea  generated  for  each 
switch  setting.  A  >crle*  of  pulses 
numbering  from  one  to  10  1*  traouitted 
by  each  switch  as  it  is  selected,  de- 
prndiog  upon  the  position  of  the  switch. 
The  pulses  passed  by  th*  ultebes  ara 
applied  to  the  FSK  Oscillator,  then  to 
an  audio  mixer.  A  second  Input  to  tha 
audio  mixer  la  the  filtered  voice  Input. 
The  output  of  the  audio  mixer  ataga, 
which  can  be  digital,  voice,  or  both,  la 
applied  to  the  transmitter  microphone  In¬ 
put.  Obviously,  any  audio  tronsmlssloa 
equipment  can  be  used  as  the  link  betwe¬ 
en  the  basic  Krssage  Generator  and 
Terminal  Equipm^'nt. 


ClracCloii  of  •nvoaenr  mj  b», 

TcporCod  with  «B  Accurucy  o£  «m 
and  the  claw  of  alchtlng  1*  accaraca 
wlcUlo  ooa  alBuM. 

In  aeod  a  Muaaasa,  tha  obaerwas  acta  up 
the  cmapUta  Mkraaefta  by  oparatl^  C»a 
Input  Bwltchea.  He  checha  the  aacira 
aeaaafia  visually  and  corrects  any  arrows 
that  any  be  prcaaot.  When  be  la  satla- 
flod  that  hla  lacasaca  la  corrocl.  hu 
pusbea  the  traosnlt  buttoo^  This  crl4- 
(cca  tha  Heaaase  Ceoerator,  caualot 
to  aeod  tha  entire  neasase  la  s  burst 
over  tha  Conuolcatlon  MetworlL.  Haxl- 
■un  traoaulsaloo  tine  la  appt>oslaatei.y 
3  1/2  aeconda.  Tha  observer  leaves  the 
■eaaage  vet  up  Intact  until  be  kaowa 
that  the  eessase  la  received.  If  hla 
•essage  la  accepted,  a  coded  cone  sig¬ 
nal  la  sent  over  the  network.  Should 
hla  setaase  not  be  received,  the  ob¬ 
server  contlnuea  to  tranaailc  oocll  ha 
receives  the  conflrolog  tone  signal. 

Each  of  the  Infomatloo  swltcbes  la 
backlighted  for  ol^C  opevatlou.  These 
lights  *te  controlled  by  a  toggle  switch 
on  the  panel  of  the  Heaaage  generator. 

The  Message  Generator  cootalos  bat¬ 
teries  for  the  operation  of  both  tha 
night  lighting  circuits  aad  Che  elec- 
Ci'oolc  logic  circuits  aod  Is  coopletcly 
portable.  Battery  life,  uoder  the 
oorml  Intetmlttent  operation,  la  ap- 
proxlsataly  30  daya.  The  raoge  of 
operation  depeoda  eatlraly  on  Che 
llaltatloos  of  the  coasunlcatloaa  oet- 
trask. 

The  Temioal  E<|ulpnent  provides  three 
types  of  outputs:  electroale  display, 
electric  typewriter  and  paper  tape 
punch. 

The  clectroolc  display  la  derived  Iron 
a  CHAPACTROM  Shaped  Bean  Thbe,  display¬ 
ing  up  to  30  targets  aC  a  tlaK.  All 
targeta  in  the  syatca  can  be  viewed  at 
once  or  only  certain  target  types  or 
categories  of  particular  Interest  can 
be  displayed.  In  the  latter  esse,  all 
other  targets  are  blanked  out  without 
being  renoved  froia  the  aystM. 

The  eight  basic  target  catcgforlcs 
are;  troops,  vehicles,  amored  vehicles, 
weapons,  ships,  observers,  electronic 
Installations,  and  aircraft  lead¬ 
ing  fields.  In  addition,  ee 


ovcrrlda  switch  la  provided  Co  parmlt 
eba  operator  to  display  all  eight 
categories  slnultanaously. 

In  addition  to  selecting  specific  cate- 
gcrlca  of  targets  for  viewing,  the 
operator  nay  also  control  tha  anounc 
of  lofomaclon  shown  for  each  target. 

The  target  tnforaatlon  display  ComaC 
la  divided  into  four  portions  known 
as  features.  Tttesa  faaCurca  arc  tha 
sdnlnjn  target  format  consisting  of  two 
target  symbols,  threa  heading  digits, 
two  <|uaiitlry  symbols .  and  ooa  observar 
identity  aysdkol;  tha  otessage  number; 
the  time  of  observation;  and  tha  target 
coordloates.  Tha  alntmuis  target  format 
la  always  displayed  for  each  selected 
target  type.  The  latter  three  features 
may  be  lodependencly  suppreaaed  by  the 
operator  with  the  feature  aulechea  oo 
the  control  panel. 

The  Terminal  EqulpoenC  asstgna  tha 
SKSsage  nuwibcr.  This  pemlta  t^  oper¬ 
ator  to  erase  selected  targets.  An 
alarm  Indicator  lamp  signals  the  oper¬ 
ator  when  Che  ayscca  contains  30  targets 
and  can  accept  no  more  new  inessagca. 

When  a  new  target  entering  Che  system 
la  of  a  category  selected  for  display, 
let  format  blinks,  gaining  the  atteniloti 
of  Che  operator.  As  an  added  precaution, 
an  alarm  laap  Indicates  Che  presence  of 
a  oew  target  In  Che  aystem  because  tha 
target's  geographic  position  may  be 
outside  Che  viewing  area  Ir.  use,  or  may 
be  of  an  unsclccted  category.  The 
operator ,  by  means  of  a  new  target 
ackoewlcdge  control,  can  extinguish  the 
light  and  end  the  format  blinking. 

The  displayed  Infoimsclon  Is  optically 
supcrlmpot^  oo  a  standard  military 
field  map  portion  approximately  21  Inches 
stpiarc.  The  paper  oap,  aft-r  It  la 
folded  aod  attached  to  a  cjp  merrier 
frame.  Is  manually  Inseitc.  i.ito  the 
display  cnclosuic.  The  map  Is  accurately 
aligned  with  the  electronic  presentacloo 
by  matching  fiducial  marks  on  the  CHAR- 
ACTHOM  Shaped  Beam  Tube  and  reference 
marks  on  the  map  holder.  The  horlioncal 
and  vertical  map  coordinates  which 
correspond  to  the  reference  marks  on  the 
map  holder  are  entered  Into  the  deflec¬ 
tion  system  by  digital  switches  on  the 
control  panel.  When  the  nsp  Is  changed, 
the  operator  moves  the  horli>ntal  and 
vertical  fiducial  marks  on  Che  display 
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Kcdvndcnt  cr«aiHd.a«lofi  la  uaad  aa  tlM 
■ethod  of  accuracy  checkins.  Sadi  aaa- 
aaga  la  eraoaaltcad  twice  ca  a  char¬ 
acter-by-character  baala.  That  la,  the 
code  for  awltch  nusbar  one  la  trana- 
altted  twice,  then  tha  coda  for  awltch 
Dudiar  two  la  tranaalttad  twice,  etc. 

frcaalos  the  traoaalt  awltch  actlwataa 
tha  "ON"  relaya  to  apply  power  to  both 
tite  coamunlcatloow  tranaaltter  and  the 
Heaaagc  Generator  alectrooica.  Aa 
Initial  delay  of  approxlaately  212 
allllaeconda  la  built  Into  tha  Haaaasa 
Generator  to  allow  tha  tranaaltter  to 
stabilize  and  to  allow  any  Cum-oa 
tcansienta  In  tha  logic  to  settla.  The 
initial  delay  is  coapoaed  of  two  pulaaa 
each  followed  by  a  132  allllsccood  de¬ 
lay.  After  tha  Initial  delay,  the  logic 
la  reset  to  begin  tha  oesaage  sequence. 

The  switch  aequeoca  counter  selects  tha 
Inforoatlon  awltchea  one  by  one  In  a 
fixed  order.  Each  switch  Is  dwelt  upon 
long  enough  to  accooplish  the  redundant 
character  transalssion.  The  digit 
counter  and  the  infonaetloo  switch 
position  detcmlne  Che  number  of  pulses 
cransaltted  to  represent  the  character. 
Foalclon  Zero  for  each  lofoTBacloo 
switch  le  represented  by  a  single  pulse; 
Position  One  by  a  scries  of  two  pulses; 
Position  Nine  by  a  series  of  ten  pulses. 
The  Message  CcocraCor  Identity  tyidiol 
Is  wired  into  the  circuit  peroancotly 
and  may  be  thought  of  as  a  fixed  Infoc- 
nation  Switch. 

The  Inter-dlglt  delay,  the  tlac  between 
character  code#,  is  fixed  at  20  asllli- 
stcouds. 

Tlia  Tcnslnel  Equlpoent  receives  Its  In¬ 
put  from  a  sceodazd  coemunlcaClona 
receiver,  and  the  audio  signal  la  split 
Into  the  digital  and  voice  channels. 

The  digital  transalssion  can  be  detected 
on  Che  voice  channel  as  a  faint  noise 
In  the  background.  The  voice  of  tha 
person  speaking  la  at  readily  recog¬ 
nizable  cither  with  or  without  the 
filter. 

The  digital  lofomaclon  Is  applied  to 
an  FSK  detector  where  It  Is  converted 
to  voltages  lepresenclng  ones  and  zeros. 
These  binary  voltages  are  applied  alter¬ 
nately  to  each  of  two  input  couaters. 

The  counters  have  two  functions:  (1) 

To  convert  the  serial  code  to  four-bit 
parallel  code,  and  (2)  To  provide 


Caspar Ison  for  tha  accuracy  chack. 

The  inter-dlglt  delay  produced  la  dsa 
Meaaaga  Ccoarator  ts  datactad  and  naad 
to  gate  the  Iticoalng  bucata  of  pulaaa 
alternately  to  tha  Input  couators.  Tba 
redundant  character  transalssion  allswa 
a  coaparltoa  to  ha  atda  aa  each  char¬ 
acter  Is  raceivad.  If  tha  two  char¬ 
acter  trznaalaaiooa  cnopaca  exactly, 
then  the  four-hit  word  resulting  la 
passed  to  a  word  asscahly  unit  where  Ik 
is  converted  to  a  aaven-blt  FlaxowrlCar 
coda.  Tha  aavag-btt  word  la  atorad  oa 
a  aagnatlc  drua*  for  Latar  uaa. 

The  word  asaejdily  unit  orlgloatas  tba 
aestage  received  atgnal.  This  occurs 
only  If  22  characters  hova  been  raceivad 
correctly.  Tha  word  aaaeably  unit  alaa 
assigns  a  messaga  nuabar  to  aach  aaa- 
sage  accepted.  Messages  ara  ouaherad 
from  one  through  99.  Whan  tha  nuabar  of 
received  aeasages  exceede  99,  the 
nuaberlng  starts  again  at  one. 

The  acvcn-blt  charactcra  stored  on  tba 
magnetic  drum  provlda  the  loforcatloa 
for  both  the  electric  typewriter  and 
the  CHARACTRON  Shaped  Beaa  Tuba  display. 

Tha  electric  typewriter  records  tha 
enclra  mess»;,e  on  oua  line  of  a  3-li  k 
X  5-lnch  card.  A  punched  paper  taps 
record  of  each  aesaaga  can  ba  aade  by 
activating  the  psp-^r  tape  punch  aa- 
aoclated  with  tha  cypewrltar. 

Every  message  received  is  available  for 
display  on  tha  CHARACTRON  Shaped  Beaa 
Tube.  However,  every  message  Ir  tha 
system  is  not  necessarily  displayed.  By 
use  of  the  category  and  feature  aelecc 
swicches,  tha  console  operator  detar- 
Bines  which  sassaget  ara  displayed  and 
how  ouch  of  each  message  la  displayed. 

The  category  select  controls  coapara 
Che  codes  of  tha  Bilitary  symbola  la 
each  message  with  types  of  targets 
specified  for  viewing.  The  resultant 
signals  control  tha  uoblank  section  of 
the  display.  Tha  feature  select  cootzel 
determines  the  number  of  format  lloca 
displayed  per  target.  The  minimum  dis¬ 
play  is  two  lines;  tha  maximum  five  llnaa. 
Since  the  electronic  display  la  reglatar- 
ed  to  a  field  map,  there  is  no  reasom  for 

2  The  magnetic,  drum  storage  ts  required 
as  a  recirculating  storage  for  tha 
electronic  display. 


ficlnclng  out  the  geogttp'*^*  coocdlmta* 
of  th«  c«rg«c  u  port  o£  tb«  BlnUHS 
fotnat.  ttouwr,  th«  aaxliM  foraa* 
doea  loclode  geogtaphle  coordlnataa  roar 
uM  iJ>  Uying  flra. 

Tha  ■agoatl*  d*\a»  opatataa  aa  a 
aod  control  devlca  a*  wall  a«  a  — o«y 
device.  Oiaplar  tuk*  daflectloo  lata^ 
nation  la  obtalnad  froa  tha  reportad 
up  coordlnatea.  Iba  X  and  Y  coordla- 
atea  are  conwertad  to  daflactloa  _ 

voltagct.  taUog  Into  accotjot  tha  nefar- 
eoca  coordlnatea  and  the  aap  acala» 

Once  the  deflection  voltagea  hava  aat- 
tlad,  the  forut  aay  be  dlaplayad.  Tha 
initial  deflection  voltage  la  ulntalaad 
constant  and  tepreaenta  tha  foesat 
position.  Spacing  between  charactaca 
in  the  format  la  produced  In  tha  Fnrmaf 
Generator  which  emits  Incremental  X  ^ 
and  Y  deflections  which  are  added  to  tha 
original  forut  position.  A  format 
bllok  control  receives  a  signal  whan  a 
new  target  Is  written  on  the  drum.  The 
blink  circuit  alters  tha  output  of  tha 
unblank  generator  to  cause  the  fotmat 
for  the  Just-received  target  to  blink. 

An  alarm  light  Is  also  lie  for  a  ne« 
target.  This  light  la  reoulred  be¬ 
cause  during  display  operation  a  ou 
target  might  either  lie  outside  the 
viewing  area  or  \y^  at  an  onselectad 
category  and  thus  go  undetected,  1£ 
new  target  blink  alone  ware  depended 
upon. 

Magnetic  drum  erase  circuits  are  re¬ 
quired  so  that  uiwecessary  Inforutiom 
may  be  erased,  allowing  space  for  oam 
targets  to  be  recorded.  The  erasure 
is  controlled  by  the  target  number. 

The  erase  controls  consist  of  Infor¬ 
mation  nwlcchrs  similar  to  those  used 
on  the  Message  Generator  and  an  eraaa 
button.  The  number  of  the  target  to 
erased  is  entered  Into  the  Infor¬ 
mation  switches  and  Chp  erase  buttosi 
Is  pressed. 

The  field  map  and  the  electronic  dim- 
play  ate  optically  superimposed  by  a 
half  silvered  mirror.  The  up  show* 
through  the  mirror,  and  the  electronic 
data  Is  reflected  from  the  mirror.  Hio 
ose  of  fi  standard  military  paper  field 
ma?  ellD.inatf.  the  requlre»>ent  for  any 
sll-le  miking  or  special  map  preparatlom. 

Cont.olii  for  system  power  sre  placed  at 
both  the  display  unit  and  the  electric 


kypewrlcar.  Trasa  cootrolm  amd  mms 
target  Indicators  arm  avallablm  at 
both  places.  Signals  coostiaitlmg  a 
cast  pattern  and  CHARACTROd  Sbapsd 
(asm  T-ibe  Alignment  Controls  atm  smp- 
plled  as  part  of  tha  display  molt. 
Terminal  equipment  power  reqolriusats 
mrs  3000  watts  at  115  wolca.  60  cyclaa 
pmr  sacond. 
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Tka  faytia  o(  tkli  payrr  la  to  Datotba 
tka  yaitUlyatlaa  ¥7  tha  anral  Ordnaaea 
lakoaatery,  Caraaa  (MU),  la  thita  aapaiata  aai 
dlaclact  laltakillcy  Data  Kachania  fregTaM. 
Tkaaa  axa:  tka  flaac  kalliatlc  Klaalla  Uaafaa 
tyacaa  (nwi)  (KUklU)  CoapoDant  kalUkllicy 
Elataar  (array  fCkUS);  tba  Incaitarvlaa  Data 

fratraa  (tOCP).  aad  tba  luraaa  al  Haaal 
Waapaoa  CaUcd  Mlattia  Data  Eachaata  Pragraa 
<C/J1  D0). 

Soar  of  tka  aijar  probtraa  mcouataral  ta 
tfaa  parfonaaca  of  (ha  reM  (POlAJtU)  Caapaaaat 
lallablllty  Rlstory  Survay  ara  praaancad,  aad 
•oaa  ■eaauiaa  Ikat  aovld  allavtata  tkaaa  pra- 
blaaa  aai  cktraby  laptowa  tba  utafulnata  aad 
affect Iraaaaa  at  aucb  a  propraa  ara  propoacd. 
Dowava^  It  ta  aot  Intcaded  to  dlicuaa  tba  aartca 
of  007  paitlcalar  data  axcbaafa  prograa. 


Oaa  of  tba  aajot  problrar  la  achlaalnp  tba 
axpraaiad  sc  dctlrad  reliability  goal  la  a  altalla 
•yacaa  Ilea  la  tba  aalectlaa  of  aufflelaatly  rail* 
able  paila  aad  eoaponanta.  Tba  datlfn  aa|tneat, 
«ofkta|  la  a  ae«  ■lialla  protraa.  la  graatly  ta 
oaad  of  part/coap<]atac  tnfonaaclon  (bat  la  aa 
cooplata  aad  «p-ta-data  aa  potalbla.  Such  lafar* 
•aatlM  oay  ka  products  by  a  (aat  prapica,  iwaulaA 
coocurtaaily  vicb  tba  davalopoeot  of  tba  aav 
alaalla.  Boueva r,  tba  aclcetloa  of  parte  aad 
coopoaeata  la  a  f\d>ctioa  of  (loa,  oonry,  pueatlcy, 
a<k3  priority  of  effort.  Tba  problaa  would  ooc  ka 
parauoiiAt  If  il,a  dralpnar  bad  aupla  due  to  kaae 
bla  aalectloa  oa  aufflclanc  quantltiaa  of  teat 
data  derived  froa  acailetlcally  atpalflraat 
duaatltlaa  of  parte  and  coayonaota.  While  tka 
parca/coapooeata  are  In  theairlvea  eoatly,  tba 
teatlnp  la  aaay  (lava  oora  eoatly.  Oftea, 
kecauae  el  work  prlorltlea,  the  tcaclni  leboratoey 
doea  not  have  auffUlmt  tlae  to  parfora  a  ci»> 
plate  or  exbauatlva  teat,  and,  aore  oftea,  (ka 
Halted  tuoatlttea  of  parta/cooponenta  furolabed 
for  caatlaf  art  Inaufflclent  to  provide  declalve 
data.  Tberefove,  tba  aeleccloc  of  a  part/coa' 
ponanc,  froa  a  reliability  acandpolnt,  ta  oftea 
a  ccufproalaa  becauae  of  Che  llaltaclon  of  relia¬ 
bility  data  rafardlaaa  of  the  aanlfaaiat  loa  aa 
tba  part  of  tba  coaponent  aanulaccurar  aa  ta 
rallablllty  ol  bla  product. 

Oftea  tba  daai|ner  aey  uae  Inforaeclai  that 
be  peraooelly  acquired  In  other  proptaaa,  but  It 
la  alaoet  iapoaelblt  for  hla  to  keep  ebreeai  of 
tha  lateet  reliability  Infonuirlon  on  either  old 
or  new  perta/couponenia.  Heturelly,  many  of  (be 
younger  dealga  englneera  have  even  leaa  pert/ 
eoaponent  Inf enraet Ion  readily  ovallebla  to  Cbaa. 


CaliaklHtB  Maka 


gurvuT 


la  tba  aarlp  part  a<  IMC,  MC  aaa  aaalBpai 
a  etapnnaat  rallablllty  took  kp  tka  iparfal 
rtojacta  Odflca  af  tka  DeoaoB  of  BrfcMri. 
OapartMBt  ad  tka  Soap,  lha  pvpoaa  a(  tbla  tnoh 
aaa  ta  ptovlda  anlataaaa  ta  tka  prkaa  caattaa- 
cnr‘t  daalBaaxa  la  tka  aalactlaa  od  taliakla 
parta/coopaaaata  for  tka  NUUS  alaalla.  lUk 
okjacClva  waa  ta  ka  iira^llakad  ky  tka  oCUl. 
aatlaa  of  appllcakic  part/c^paaaat  laHakllltp 
laforaatlea  gaaaratad  la  otkar  alaalla  paaBtaao. 

It  waa  tacogalaad  tkot  a  larpa  oaoikar  od  taryar- 
atloaa,  iaeolwad  la  tka  taaaaaak  aad  daBalapaMd 
aad  productlaa  pfcaaaa  od  aorloaa  ataalla  pcaBi  laa, 
kad  acqultad  a  ciaialderatla  aaaiM  af  data  par- 
taltrloB  ta  tka  tallaklllty  ad  vatloaa  porta/caa- 
pooenca,  PurCkeT,  It  oaa  appataat  tkat  tkda 
laf— atloa  rataly  uaad  fwtka*  tkaa  tka  ftlaa  or 
archtvea  of  tka  activity  ukirk  peaarataC  or  cal* 
lactad  It. 

It  reaa  ckarefara  kalUvadl  tkat  katb  tiaa  aad 
aaaey  could  be  aauod  ta  tba  IDtdkU  prra^aa  It 
all  avallakla  Ufaraatlaa  caald  bo  aktalaad. 
aaalyaad,  anraluatad,  aaaaarlaad,  aad  aada  aaalt- 
ahta  ta  tha  daal(B  aaBlaaar  ta  aaalat  Ua  la  tba 
aalectloa  af  reltablo  porta  aad  caapaaeata.  la 
particular.  rallakUlty  lafaaaattlak  waa  daalrad 
CM  alactroaU,  ataccrlcal,  aaxkaalcat,  cittern 
occbaatcal,  hydraalU,  alertta-kydroal Ic.  ood 
pyrotaebau  parta  aad  coi^aaaala. 

la  order  ta  uktala  aa  caoplaCo  aad  valid 

reliability  laforwatloa  aa  pasvlkle  m  tka  porta/ 
ccaponentr  tentatively  aolacted.  It  waa  dacidad 
to  colicic  laforwatloa  froa  aiiiy  varlod  0  aorta  a. 
Tbaaa  taeluded  tka  varlooa  alaalla  aaaalaataaara 
under  eoutrset  ta  tba  W.  B.  dray,  tba  B.  S.  Air 
Porta,  aad  tha  B.  B.  Boay;  adacalloaaawa  tvwtiaa 
laboratorlaa  aad  atallar  facUltlaa,  hath  prlvtta 
arvl  iovaroBaat;  Held  teatla*  ar  flrUs  tacllU 
Ilea;  and  veudor  Or  part  aaaafartrataxa.  Iba  typo 
of  loforaatlaa  dealr^  IrKl^ed  eWBlaaarloB  aad 
evaluattoa  teata  porfaaiad  aa  tha  part  ar  CM- 
poneat.  Addlttoaal  lalnrit Ira  waa  aaa(|ac  at  tba 
liKcwlOB-racalvIaB  laapeetlaa  lavol  m4  at  varloaa 
acagea  of  the  aaaiifoctanrlat  pvoevao,  laaladl^ 
ataalla  flaal  acceptaarai  taota. 

Alchmigb  tba  vbbci  watkadi  oay  ho  aakject  tw 
dltagieewent.  It  la  aoraally  ^vad  tbot  tha  oaa 
of  grnvral  fallvre  rata  lalaaaatUa  la  accap- 
tabla  aaana  af  ptedlclloB  lalloklllty.  Tha  pm- 
diction  procaaa  coaalata,  la  part,  of  tha  Appli¬ 
cation  of  rnglnevrlaf  Jwd^awt  la  coaparlaa  haavai 
failure  tacea  of  parla/coapowoaCo  la  avilatl^ 
•yoteaa  to  predict  peekabla  latluae  rataa  af  afaal- 
ler  parte/ccoBKaienta  to  ha  owployad  ta  wow 
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AffllMttOM  ov  IJPCPM  vMr*  thp  f«n«ttoa«l  r*- 
fttixmmnf  of  thp  p4rt/ciwprnnt  bcv«  4  4o« 

gr#«  of  ttallorlty.  A  ooro  occvroto  proAlctios 
eoa  te  taodo  If  tko  igotrof  <ftt  of  ooch  p«rt/«o» 
pcMot  to  oloo  coBPld«ro4.  TW  totol  omubK  •! 
imiocMtle*  dooUod  iitelipdoo: 

1.  Tocol  qupoclty  (of  «  pttxticwlOT  port/ 

coapoMnt)  for  d4(A  oro  ooillo^to. 

2.  IKai^r  of  failuros  <ol  chto  p«rt/co»« 
poMflt)  ovor  «  •poclflod  ported  of  cIjw. 

3.  YlM  to  follvro  (oporoclos  (Ipm). 

4.  Mod#  of  fotlwro  (aloctrlcol,  ■ochoolcoli 
tboraal). 

5.  Strcft  on  th«  port/ceapooonc  at  the  tl«o 
of  fallvro  (the  load  condltloot  at  tK**  tl*o  of 
failure.  1.0. ,  voltagt,  proaiuro.  f cMporaeuro, 
vibration,  otc.}. 

1ft  acquiring  daia  for  prediction  purpoooe, 

•ver^  effort  It  node  to  Lnclode  only  tho  rollft> 
Plllty  lefwrmatloo  on  elallar  parte/conpononta 
experiencing  klaller  condltloni  of  ahock,  vlbta* 
tioo.  acceleration,  tanperatura,  preeaura,  aad 
liiAldlty  oa  are  apoclfled  for  tbo  filfUS. 

TKe  data  obtained  In  tKa  perfomaoce  of  thla 
aurvry  are  ecrecnad,  evaluated  aod  ouiarlaod. 
Engineering  reporta  art  prepared  and  are  node 
•vallablo  to  tha  print  coneractoia*  rallabllltp 
group#  for  integration  vltb  contcacivi - generated 
data,  analyili,  and  dlete«lna(lao  to  cognlaaot 
doilga  eaglneert. 

It  lo  to  be  empKeeliod  tKec  cKo  reliability 
blacory  aurvey  prograa  conducted  by  NOLC  !•  not 
loceodid  to  replica  eny  evaluacloa  teatlog  not* 
•ally  performed  by  the  prlM  cnocraetor,  but  le 
InCocdad  CO  augoent  hie  teetlng  Information  and 
CO  Identify  peculiar  or  critical  cKaracterlatlce 
to  aid  lo  teat  planning  and  to  ■laiolse  actual 
teaclng  of  parte  and  co^oneatc  for  cert  1  f Icat loo 
or  quallf icacloo.  Hovrver.  tbe  material  In  the 
reporte  may  be  uacd  to  eerve  ae  tbe  priaary  baeie 
for  eelectlng  tha  ooec  reliable  part a/coapoQonli 
for  the  inceadcd  application.  Further,  report# 

•ay  eleo  be  ueed  to  lubicanclete  Cbe  ioltlal 
aelectlon  of  parce/conponcnca  vhlcb  are  ofren 
choeeri  with  llolCcd  rillebllity  background  data. 

They  nay  be  ueed  to  indicate  or  predict  poeeible 
cauece  of  failure  that  olghc* be  experienced, 
either  during  the  reeearch  and  development  phace, 

Cbe  production  phaee,  or  the  i<i«u*e  or  eervica 
phaee.  In  adoitfon,  they  provide  a  reference  for 
aiepe  that  could  be  iakm  to  ■Inlvlce  (allurae  by 
employing  the  principlee  of  derating,  eubetltutloo 
circuit#,  or  redundance.  Without  tbie  Inforoatlod, 
rclleblllty  ell  too  frequently  beco»ee  a  poet- 
•orteo  proccee  whereby  a  greet  ooounc  of  effort 
and  ooney  are  required  to  correct  unaat le fac tory 
lerapon  perfornance  In  ted  leal  uee.  However,  It 
le  desired  to  sties#  ihu  fact  that  the  reporte 
prepared  by  HOLC  do  not  Include  any  recomendec Ion 
or  endorsrj>ent  pertaining  Co  the  uee  of  any  parti' 
culer  part  or  component  by  brand  or  trede-mark  nama. 


tm  thm  Wef— 4ba  aanray  ,  MOU  pr#» 
parad  foraal  valiabUtcj  rapocte  for  eba  vora 
critical  pmcfta/ccMpamamta.  tWaa  vara  tataadad 
fa  praaamc  •  briaf  biataxy  af  tba  dcvalapmaat  af 
fba  paxf/o^amaait  balaft  Invaaclgatad,  tba  cacaac 
of  tairalUbiilAty  aa  diacovarad  froB  tba  ai^ri* 
aaca  of  ocbav  •care,  pravaotlva  ■aaamraa  raca^ 
■codad  fa  •dmimlaa  ar  allmlaata  daf  Iclaoclaa,  aad 
a  atocaBamf.  embarUg  fba  iateadad  uaa  af  fba  part/ 
ca^oMof  •tflslB  tba  IMB  and  iacladlog  fba 
aoTBol  atemomoft  that  •l4bf  ba  axparlaaaad  by 
tbaaa  parta/ca^poBoafa. 

AC  praaagf,  tha  ■ojoalty  of  tba  rallablllfy 
reporfa  era  ambaittad  la  tba  ':ard  fora  lltoa* 
teatad  im  n^era  1.  tVla  report  fane  woa  daaaU 
op.d  CO  raplaca  tbe  lafonol  or  latter  typa  af 
rallabtlicp  xaport  wblcb  we  alao  aaployad  at  tba 
begloniog  ad  fba  eiavey  >  Ipf oraet  loa  la  praaaa* 
ted  la  cma  BBya.  Iba  appar  part  pr«rldaa  far 
data  to  be  piocad  la  omeb  a  aaaoar  ae  to  qutebiy 
Identify  fba  poet  or  caaponeot  that  it  being  ta» 
veatigoted  ftp  aaaa  aad  17  digital  generic  coda, 
part  fHAboTp  Bmawfactarar  aodal  and  typa,  tba 
taat  actlalAp  fbat  parfersad  tba  taeie,  tba 
quantity  taacad,  for  mlMt  ptogrftaft,  typa  of  taata 
perfoTBed,  fba  reealca  of  tbe  taete  performad, 
and  any  mimioI  oc  attlpatUg  circioeetaacae  (eweb 
aa  baifig  tamrad  aboaa  or  beyond  tba  vendor'* 
epecif IcatloBO),  or  amy  apeclal  inairwctlona  or 
epeclf icoctamm  required  la  order  to  fully  Lotat' 
prat  tha  Brf^od  af  leatiag  and  caewUe.  At  tbo 
lower  edge  mff  fba  card  fora,  a  alereflla  atrip 
la  addad.  Iftila  cuotalao  tbe  ccBpleta  taat  raport, 
or  ftignificamc  port  loaf  of  the  report,  reduced  ad 
tbe  ratio  mi  Tm  eaglAiar,  If  Intaraatad 

In  Bora  dofallad  data  tbaa  brlafly  eitiad  la  tba 
upper  porciiOM  sMy  tbea  view  tba  aUrafllaad  data 
for  tba  caa^lata  teat  ravulte.  fty  utillclog  aa 
opppoprlatr  rfaver,  tba  data  oo  tba  aleroflta  la 
praeented  for  aaty  rending  oa  •  largo  ground'glaaa 
acreen.  A  apodal  fentmre  of  tha  viewer  empl^ed 
at  kkAX  la  mm  Inisgjal  p« Inter  vblcb  aaabla#  tba 
operator,  mr  dealgo  emglneer,  ca  acquire  laBodi* 
ately  a  latter  oUe  print  of  tba  data  co  tba 
acraen.  Ebia  prlat  them  provldea  a  ready  rafar* 
enea  for  tba  daalgn  oBglaoeT  to  wat  at  hit  com- 
veolanco. 

IKHJC  bB#  employed  tbla  form  for  approxtaotaly 
10  moncha  emd  baa  foamd  it  to  ba  exttamaly  affec" 
tlva.  It  pemlcf  tba  acquleltloo,  proceaelag, 
and  diaarm tawtloa  of  Mta  la  a  coaparat Ivaly 
abort  period  mf  ilwe.  Puttber,  It  permlca  tba 
dealgo  englBwor  who  mlllmately  racelvaa  tba 
report  to  bmma  ••  collate  a  record  aa  poaaibla 
of  tha  teacm  mccvally  potfocmed,  and  altalnatne 
tha  poaaiblJtcy  that  a  Bee  pot ,  In  tha  procata  of 
fcrecnlng,  ^melyzlitg  and  evaluating  the  data,  haa 
either  oaltfmd  ixportamt  detella  or  hnu  paralttad 
so  Ifitespofma too  or  imterpretatlon  of  data  which 
aay  Influemrm  the  reamlta.  For  ready  reference 
by  englneevm,  many  mlxrollloed  repcrti  .:#*  ba 
kept  la  lomao  leaf  motebook  blndare;  when  no 
longer  pertlmrmt  to  a  coirent  atudy,  they  re¬ 
quire  a  mlmlewM  of  utmxnge  apnea. 
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Iat«mrTlc«  D«t«  Ejic>»»o««  Prtifi*  (U*ft 

a«c«uu  of  tlw  favorabla  rooctloo  r«*oltl*c 
froo  an  lofmal  aonror  eandacto4  aorwit  vartoua 
balllatU  olaaila  cootraetora  tela*  tba  Uttn 
part  of  IbM,  an«  brcauaa  of  tba  oocsvMfot 
aulta  baU(  obtaloatf  aad  Banltcacad  la  cbo  Mr 
rnrca'a  TtTMl  rallablllty  cnKaago  rrotraa  a«4 
tba  IUV7'a  nMfl  <rOUJlU)  Coa^oMot  hallabllltj 
Uatory  luraa;,  rapraoantatlvaa  of  tho  tbxoo 
aarvlcaa  rropeaad  that  a  ftotra  ba  lattlatad  foe 
cha  fraa  Utatchaaga  of  parta/coa^atMaca  data 
aootiS  tba  Oepattaaot  of  Oataoaa  ballUtU  *100110 
actlvltlaa.  Thla  propoaal  waa  accaptad  bj  tba 
thrra  acnlcaa  and  baa  raaultad  la  tha  aatabllah* 
aanc  of  tb>  Intaraarvlca  Oat*  Caebanga  rtogra* 
for  balllttlc  alaalta*  and  apac*  a/ataaa,  kana 
at  IMF. 

Doling  calandar  paar  11}*,  and  tba  aarly 
part  of  I9t0,  ouch  affort  waa  aaartad  by  repra* 
tcntaclvtt  of  tba  thraa  aarvlcaa  Including  HOlC 
toward  aicabllihlog  the  adatn Iterative  datallt 
of  thla  prograa,  which  Included  th#  format  to  ba 
utad  by  th*  participating  contractora,  and 
by  the  Data  Distribution  Cantata  (ODC),  to  traat- 
■  It  and  tcctlva  teat  report  Infoematloa  to  a*  ta 
raault  In  tba  ***1*100  utllltatloo  by  th*  raclpl> 
entt,  at  wall  at  ctcabllthlng  a  coaprahaaalv* 
Fact/Coapooent  Digital  Cenrrlc  Code  accaptabl*  to 
all  three  aervtea*. 

gecauti  nf  tha  partlclpatla*  el  MIX  la  tba 
rVIWS  CIKS  Frogr**,  It  hat  baa*  dctlgnated  on*  of 
the  three  Data  Oletrlbutlon  Cantata. 

A  few  of  th*  objective*  of  Chit  p.'Ogra*  art: 

1.  To  reduta  dupUcata  aapandlcura*  for 
part*  teatlng. 

2.  To  avoid  rapatltloa  of  taatt  alraady 
acccmpllthad  and  provide  pcaiv<.  indlcatlo*  of 
failure  aodet,  thereby  apeedlng  new  project*. 

}.  To  encourtg*  atsndardliatlo*  of  tatt 
■athodt,  lavelt,  reporting,  and  apaclfylng  ta  a* 
Incidental  result  of  widespread  observatloo  of 
varied  tschnlquea, 

A.  To  lead  eventually  Into  a  voliasttry 
Intercontrtctor  preplanning  of  coaplemaniary 
test  prograns.  Tha  data  requlrad  Include,  but 
are  not  Halted  to,  cast  raault*  aucb  aa; 

a.  Qualification  or  Certlflealloa  Testa 

b.  Production  Accaptaaca  Tati*  (If 
particularly  slgnlllcaat) 

e.  Diagnostic  or  Design  and  Devtioparat 
Tsst* 

d.  General  or  Co^aratlv*  fvaluatlon 

Test* 

a.  Rrllablllty,  Caaggvrated  Strass, 
and  Ufa  Taat* 


Kach  aarrtca  ha*  atatad  that  tapaata  mi  . 
taat*  conducted  on  parta/canponaada  ^p  tfeatr 
CTutractora  aatgagad  la  tha  davalopnaat  a*d 
ductia*  phata*  of  balllatlc  nlaallcs  and  spaa* 
apatana  aball  ba  traaanlttad  ta  th*  HC  apart* 
fled  bp  tha  cofnlaant  aarvUa.  Par  aaaaipla, 
thoa*  lavp  centraetort  angagad  ia  th*  daralafeM 
cf  a  balllatlc  alttlla  waapaa  apata*  lAlch  her* 
haan  aalectad  to  partlclpat*  la  thla  pragra*. 
forward  tbalr  data  to  MLC. 

Ho  asHiarlalag  oc  adltlag  la  daaa  bp  tha 
ODC.  Ita  principal  fusMtlan  la  to  rapradaa* 
and  dlatrlbuta  tha  tatt  raanlta  aiibnfrtad  ^  tha 
contractor.  Each  participating  cantractac  a**> 
narlaat  th*  raault*  of  hi*  tatt  an  a  ttaadard 
gaport  Sunaary  gbaat  which  1*  fensatdad,  arlth 
the  conplate  taat  raault*,  to  th*  HC,  Ip  osl* 
ttllth  ptocaat,  tba  Infomatlea  an  th*  gtandatd 
tapoat  SuMtry  Sheet  la  traasfarsad  t*  a  Vaft- 
loch  Ceport  Si^nary  Card;  th*  taat  data  Itaalf 
ia  nlcreftlswd  at  a  reduction  rati*  af  22  ta  1 
and  Interted  In  a  Military  "D**  danhla-apartK* 
CAM  card  (known  a*  th*  Englnaara’  MUraflli* 

Card)  by  the  DDC.  (Sat  Plgura  2)  One  gJM  aard 
prowldat  17  pages  of  nlciofllncd  taat  rap  art 
lefomatlon  plu*  th*  nlctofllaed  Standard  Saport 
Sasairy  Sheet.  In  the  aveot  tha  taet  tapoat  ha* 
nor*  tbaa  17  pagaa,  additional  Nilltaxy 
dtniblfapertur*  CAM  card*  ar*  utlllaad.  gll 
page*  of  th*  tatt  report  ar*  nlcralllaad.  Th* 
CAM  card  provide*,  altar  lataxtl**  mt  th*  nlcr*- 
Itt*  Into  tba  two  tptrturaa,  )0  h*y  pM*ch  apnc** 
lor  aiotag*  of  cha  lollowli.g  typo  of  lafanaatloai 
card  of  cards;  data  af  cha  taat  rapart;  randari 
tnder  aiacbar  (baaad  an  an  •tc*bll*b*d  P*rt/0**> 
poMnt  Digital  CaiMtIc  Cod*  aad  Caotractar'a 
•t*lgn«d  code);  type  of  taat;  tha  *1**11*  ayattn 
or  apact  prograa;  th*  card  cod*.  Th*  card*  at* 
*1*0  color  coded,  by  data,  to  foallltoto  purging 
obaolatc  dot*  fro*  th*  fll**. 

TWO  tar*  of  Report  tiaanry  Card#  aad  th* 
Hllltary  "IT*  doubla-apctlurt  card*  ar*  Iran* 
nlttcd  by  tacb  DDC  to  other  partlclpallag  cotf 
iractara  and  Covtrnaent  agtaci**,  baaad  *p** 
I'oair  appllcabl*  "araat  of  lataraat.*  Sua  *«t 
of  cards  la  tranauUttd  to  the  otbar  two  ISC*  to 
aatsbileh  a  coaplac*  library  of  tarda  fat  tatt 
trporte  at  aacb  Centar.  Tea  coptea  af  *a«h  aat 
of  cards  sc*  also  Iwrvacdad  10  ASTIA  by  th*  BK, 
aloof  vltb  on*  copy  of  cha  contractar'a  taat 
report.  Placeoent  el  a  parr Ictpat lag  ceacractoa 
on  a  dlscrihutlcn  list  for  tha  laglnrara*  Mlcr^ 
Itin  Cards  and  cha  assectatad  Repeat  Tiinary 
Cards  Is  accoupllahed  by  o  formal  lattai  raguaat 
from  Ib*  cootcactor  tbrougb  normal  chaastal*. 


iWIfS  Guided  Mlsstla  Data  Rathanga  pragtn* 

A  program  tlallar  In  purpoaa  aatd  latamt  C* 
hoeb  Ib*  rSMUS  CRHS  ard  tit  IDCP  la  bat^  aatab* 
Itahed  at  NISX  for  tba  Mavy't  guided  nlaall*  pro- 
grana.  Th*  algnlfUanc  dlfftirmc*  la  tbl*  new 
progran  ta  that.  In  addlitea  to  reliability  data. 
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lafsToatlaa  MlactM  f  part*  **14  cowf  aanata  la 
sacat«a4  mmi  ntkmt^  *■*■•  tk*  aait«n  |gla» 
contractara  tapfai  ta  tha  Mavp  gmi4»4  ataalla 

^rralepnat  aad  praJactloa  ptagiM,  utlltalag 
MOU  aa  th*  Data  CaUactlaa  *>4  Matrlkutlaa 
Ccotcf  (K  A  iQ. 

la  JaM  US*,  mu  aaa  aul^a*  ttw  Caak  af 
4a««lciplat  a  aathad  aai  aaaaa  kp  aklch  kaatpa 
cnglaaar*  algka  kav*  raaAtlp  aaallakl*  to  tkaa 
cuxraat  Inferaatlaa  aa  tk*  rallaklllty  aa4  paa^ 
foraaaca  caparlaaca  af  cattala  part*  *a4  cai^ 
poaaata  prepa*a4  lac  aaa  ta  HQU  <aaw  BtAKPS> 
gal4(4  alaallaa. 

Ta  accaapllak  ckl*  taak  a  faaalbllltp  atuOp 
WB*  aaOa  akUh  taat  lata  caatUaraCta*  aavaral 
factcra:  type*  aaO  kla4a  of  4ata  daaltaO  ky 
rallaklltty  groap*  4**1ib  aogtBOara,  tjrpaa 
anO  kind*  of  data  tkat  praacatly  kaiag 
gcoaratad  vlthla  aaak  priat  coacractar'*  catak- 
llahacnr. ,  aatba4  aad  feaaat  (a  ba  cayloyad  by 
Back  of  tb*  pfla*  caatractora  pattlclpaciag  la 
Cbl*  ptograa  la  tracaattclag  at  data,  and  aatkad 
and  feraat  to  k*  aaad  ky  tki  K  *■  DC  la  traaO' 
■IctUg  data  to  aack  af  tk*  atkar  parclclpatiag 
cootractora. 

figure  T*  praaaata  tka  prlaa  concractora  coa-- 
taettd  In  tbla  ata^,  tk*  apaeille  Kevy  alaalta 
prograai,  tb*  prope*^  flaa  of  data,  and  tha  typa 
of  output  data  raaultiag  fraa  actlaa  ^  tka 
DC  k  DC. 

A*  a  t<*atl  af  tk*  atudy.  It  oat  dtcldad 
tkat  tha  daalga  aaglaaar  uould  gala  tha  graataac 
auount  of  lafonaatlaa  frea  thrac  prlotlpa,  aourcaa. 
Tb***  aia:  tha  apaclf Icatlo*  data  ahaata,  tha 
applitatloa  data  akaata,  aad  tb*  raautt*  and 
rapoTta  of  taat*  parforaed  aa  pacta  and  ca»- 
pooaat*.  All  thl*  lafatnalla*  la  Cranialttad  by 
aack  prlaa  coatractot  ta  MLC  <tka  DC  4  CXO  for 
procaatlng  and  dlaaaotnatloa.  Aa  a  raiolt  of 
thla  pTocatalag,  tka  natkod  of  praaaocttloa  ha* 
conat  nor*  aaarly  aalforu  aad  itandard.  It  1* 
thua  poaalbl*  ta  placa  aack  typa  of  data  la  tha 
*•••  hind  of  kladrr  at  aach  of  tha  patclclpatlng 
contractor  cttakllalaaBlt.  flgur*  }b  la  a  aaapl* 
of  the  fart/Conpoarnt  Taat  gaport  IvaMry  Card 
with  alcrofila.  Thlr  card  1*  alnllar  la  appaar- 
anca,  purpora.  aad  lataat  to  tb*  Sirmary  Deport 
Cord  aaployad  by  BOk!:  la  tb*  r»D/S  (POIADU) 
Coaponaot  Del  lability  Dlalory  Survey. 


statvs  or  DATA  EsouyKD  ypccDAm 


rMHS  <mADIS}  Cnpaoaat  Del  lability  Nlatory 


7a  data,  opyraalaattly  24  prlaa  conlractora 
angagad  In  tb*  draalupaaat  and  production  of 
varlouo  nlietlo  ayctaao,  coaarlog  all  tbre*  arr- 
vlcca;  niMcaua  coMarclal  taatars;  private  cod 
Covarrwant  laboratorlaa ;  and  nany  aubcontractora 
and  vandora  hav*  krm  coatacted  la  tha  fulllll- 
avat  of  thla  prograa.  Aporaolnataly  14  tacbnical 
nanoranduB  typa  of  raporta  bov*  baaa  iaauad  whlck 


pvorlda  a  cOB^lota  aCory  on  alt  ovallaklo  rolla- 
kfllty  data  aa  a  alagla  caihpanant  at  vail  a*  400 
lafotaal  Uttar  raporta.  tacladlag  tka  Dinry 
Dap art  Card*  with  •Icraflla.  Ibata  covat  ovar 
200  parta/caaponaata,  catagartaad  at  alactrlcal, 
alactroalc,  aackaatcal.  pyracachalc,  ate. 


■OtC  la  aatlalaotfag  tka  flrat  latarckaaga 
of  data  ta  thla  prograa  la  tk*  vary  oaat  futwro. 
At  tk*  tlat  ad  thl*  wUtag,  It  tppaar*  tkat 
1  July  IMO  oaa  ka  toatatlraly  tttabllthad  a* 
tb*  Initial  data  far  tlmt  ad  data. 

SOJSt 

All  tka  aaaigiaiat  aad  aUUlttratlv*  da- 
tall*  koB*  kaaa  accaapllabad  la  tccordaac*  wltji 
tha  raguiiaaaat*  af  tka  Taak  Aatlgaatat.  It 
aou  apptara  that  I  July  IMO  caa  b*  taotatlvaly 
aatablltkad  aa  tha  laltlal  data  for  tlou  of  data 
la  tkla  pcagrtB. 


PlOgLPfS  fCODWlDlD  M  Tt  tglDB  CDHD 

Altkaagk  tkla  particular  profroa  may  ba 
aonaldarud  ta  b*  rtlallvaly  auccatrful.  It  could 
kav*  kaaa  aoca  aa  If  char*  bad  kaaa  aor*  coaplac* 
duciawaCatlaa  af  part/caapiunnt  rallablllty  la- 
facaatiaa.  Mklla  tha  lack  of  tkU  laforaotloa 
caa  bo  aaat  fraotratlag  lA  a  aurvay  of  cbl* 
aacura,  it  appear*  tkat  dociaratatlco  la  balag 
tapreved  wltk  rack  yaatlag  yatr.  At  tba  tCarC 
of  cbl*  aorovy.  It  M*  found  that  tb*  recording 
of  ralUbtIUy  data  aad  tb*  dagrt*  of  docuaaa- 
Cttlaa  aa  tha  capab.lUU*  of  vtrlout  part*/ 
coapoarat*  varied  caaaidcrably  aaong  the  alaalta 
aanufartocara  aad  l**cla«  actlvltlat.  In  toaa 
loaiaacaa,  tka  coat  of  cLt  Uca  balng  pucchtatd 
did  aot  pteulda  for  ruck  Inforaatloa,  and.  la  aany 
iBataacaa,  tka  coatracc  die  not  clatrly  apaclly 
or  atato  uhat  typr  of  Ufornatloa  vat  wanted, 
aucb  lata  apaclfylag  hear  It  tbould  b*  racordad. 
Such  lafnrnatloa  a*  aaglaoarlng  typo  approval  or 
qoatlf Icattaa  typr  tratlag  ta  viually  avallabl* 
froa  tb*  aaanfaccwrtr  or  bl*  tart  facility, 
lafonaatioa  1*  atao  ouallabla  at  tb*  tncoalng- 
rccaUrlag  laapactlon  lavol,  but  tha  oaount  of 
laforaatloa  varla*  aad  tka  tact*  parferaod  at 
Cbl*  laval  ora  puito  lUlcad,  Aa  th*  nanufac- 
tara  ar  aaaankly  af  tka  alaall*  prograiaaa.  It 
bocoaaas  lacraaalagly  difficult  to  oblate  cow- 
plat*  data  on  any  yaat  or  conponaac  bacaua*  of 
tb*  laat  af  tdaatlcy  In  a  avbayitan,  a/aten,  or 
aaaankly.  to  laolat*  nr  idratlfy  th*  caua*  of 
fallura,  tfiM  tn  fatloro.  nod*  of  fatlura,  and 
acrat*  ca  th*  part/rany nnaat  at  th*  tin*  of 
fallura  la  a  craaplaa  oyatan  la  noat  difficult. 

If  record*  ar*  aot  aalntolaod,  or  ar*  li.conplata, 
tka  lafornatlun  gleaned  mat  b*  carefully  avalu- 
atad  to  alntnla*  tb*  poaalblllcy  of  atceoteut 
conclualon*.  Alao,  great  car*  nuat  b«  axtrclaad 
In  tha  acraantag  of  data  to  anaur*  that  only  data 
wtilcb  ar*  rarrrat  aad  rerrat  art  uttd.  gacav.** 
af  rapidly  chaarglng  coadltloait  or  rrqulrtaenta, 
vardne*  aay  chang*  or  nodlfy  tbalr  product  ta 
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Itt  UlTMCB 

tht  riklUViUty  dAtM  W4Bt  W  o»  tte 

MM«  Of  hit  «>41fU4  pro4ur.t.  tboul4 

tW«  oa4  taltA^lUcy  of  •  oonOer'fl  proditcC 

irorp  freot  «  proolouslp  ciC«Mitbo4  \ov«l,  tko 

IfifOTMtlM*  tf  CUITOOC,  Vtll  MTO  clOOflp  VO* 

floot  tWc  troa  altuotioo.  tbo  oaof  moo* 

faecuvavt  of  an  **Approva4  Tao4ora  Ult  ,**  ov  ita 
oquWaioot*  oljiialaaa  t%9  ac^iaiciao  of  %mr 
rallaWta  pavta/coiponcAta*  1C  a\a«  olaloiaao 
cita  porcka^a  of  uoknoMo  parta/coayooaaca  oo  a 
**ai«llaT  a.  a^aal**  Oaala,  ov  on  cba  WaU  of  1m 
oflnttirr  coat  vatkar  chaa  *^rlc**  cv  rallakllltp. 

Avallakta  4ocMaaCa4  flal4  or  float  uoa^a 
data  bava  baaa  oe.gar  bacauaa  of  savaral  factora 
whlcb  laclu4a  leaa  of  part/coapooaat  Idaotlty* 
tack  of  ttlooatarUf  cbaaaal^  and  loharaet  lial- 
tatlooa  tapoaad  aa  a  raault  uf  tba  aoortcMov* 
abllttp  of  aa  axpaodad  alaalta  for  falliira 
dlagacala.  Sooeatr,  MOLC  ha^  acted  a  aarkad  la* 
provcaaot  la  tba  quallt/  aad  ^uaatltj  of  ganrloa 
railabltlcy  data^  which  hao  raauUed  froa  la* 
craatad  avacaactt  of  tha  laportanca  of  faadback 
of  partlaaat  flald  aad  float  uaaga  data  to  tha 
vaaaarch.  draalopotnt »  aod  pcoductioa  agaaclaa« 


CaCLOIWi 

to  nimm  ad  Cba  piaM^  tecraaaad  coaCa  la 
tba  davalopaoM  aad  pvotacftaa  al  advaocad  oaapM 
a^atoM.  tba  Coop,  m  oetl  mm  cha  Mr  forca  aod 
Anp,  haa  toaod  it  Madotaap  to  lacroaoa  cba 
ralUhllicy  of  docb  apao^*  la  addltiaa,  cha 
•acaaalcp  of  pfMUii^  ^  flaat  vlch  cha 
BalllatU  hUaila  Uaapaa  %a(aa  at  tba  aarlloac 
poaalhia  data  tiaa  pra^tad  v%a  Ipacial  ^rojacta 
Off Ua  of  tha  laraaw  af  Mmml  Ucapooa  ta  taha  cha 
ialclatlwa  la  pvafUtat  tBM  tha  axporUaoa 
Aaiaad  la  tha  doaalapaaat  ad  athar  ala*  lit  vpatOM. 

i;ooamw>atlp»  It  aM  dactdad  to  aaka  aa  MCb 
•iiaa  aa  poaalhia  of  tha  toU ability  hlatorp  of 
porta  ai^  coapcMata  Uat  adcbt  coacalvahlp  ba 
utllUad  la  tha  tdAUI  ^pataa.  Tbarafora,  tba 
Hoval  Ordnaaca  Labovat«p^  Covoaa,  baa  haao  par* 
fonala^  (alaca  I9M)  a  a«vaMBt  railahilltp 
hlatorp  atxrwap«  Aa  a  raavM  of  tbo  aatahllabaca^t 
of  *a  Intapratad  data  aailoctloa  aoolpala  aad 
diotrlbutloa  apataa  laaabvtad  aaop  Mnufacturarog 
raioareb,  davalopMot,  aad  oaoMfocturlag  actl- 
wltiaa,  taatiJiA  laboratailaa,  aad  firla^  actl* 
altlaa,  valUhUUp  lafaoMtlaa  baa  haaa  ohcalaad 
oa  over  200  parta  aad  aa^oMata. 


PROfOSEb  TO  IKPROyt  DATA  COUUCTtO  CT 

A  PAtT/CCKPOsaKT  fcfLLAJlLirr  SLfhVgf 

Kttb  tha  acroBg  appeal  aad  Cha  abaolMta 
aceaaalty  for  aora  ratiahillCy  la  our  alaalla 
ayaCMa,  aaoy  alaalla  contracca  iocloda  la 
tba  procwrcaaat  apcclflcat  looa  tha  rallabtlttp 
daalrad  of  tha  alaalla  aracoa  aad  tberahp  ia» 
dlractly  aatabUah  cha  tellabllUp  daalrad  of  cha 
varloua  aubipaCcaa.  aaacahllaa,  eqalpMota,  parta 
aod  co^oaeoti.  Tbta  haa  raaultad  la  tha  aaia- 
teoanet  of  batter  raeorda  oo  any  caaCa  Chat  aro 
parforBCd.  Bowrverf  oaUaioa  of  oparatlng  tlM 
la  atlll  a  mJot  problra«  but  thla  obttacla  la 
alovly  belof  ovotcom.  It  baa  alao  beta  viotad 
that  tba  alaalla  procureMOt  apeclf Icatlona  ocm 
aora  claarly  aet  forth  the  requiraMota  for  tbo 
cellactioo,  analyala,  and  doeiaimtatloo  of  part/ 
coopoeeat  raliabllity  data,  dod  that  greatar 
aaphaili  la  balag  placed  vpoo  the  acqutaltloa  of 
aoia  laliabla  parta  mnd  coapooaaCa  fcoa  raodoca. 


Aopla  ortdcaca  la  aoallabU  to  ahow  that  Cha 
raault#  of  a«ich  a  raltahiUrp  aurvap  hava  head 
uaed  lo  cha  aalectiao  ad  paata  aad  coapooaota  im 
tba  PBMA  aad  hava  altMoMad  tha  nacaialcp  far 
aataoalaa  aad  coaUp  ipartal  uaClAg  pregroM. 

iaaad  aa  tha  avrraaurnil  aaparlobca  of  tha 
Float  tatUatU  KlaaUa  deiopaa  Syataa  CoapoaaM 
AalUhllitp  BUCacp  laaenf  Frogm.  a  atallar  prM 
graa  haa  haea  aatahlladad  aad  viU  iMa  ba  lapla* 
Mated  for  tba  PipartaiM  ad  Dafeata  Balllatlc 
Mlaalla  and  Spaca  PpaCaav  FvafVM*  aad  tba  Ouldad 
Klaalla  fvograM  od  tha  Wmgmmm  of  Maral  Waapaaa. 

Ravins  acttraly  part  la  tp  it  ad  la  all  choaa 
prograM  froa  cba  beglaaiag,  RCtC  baa  bata 
plcaaad  ta  acta  Cba  UrtaMdag  lataroat  la 
valUbilitp  bp  all  CMcMaad  aM,  what  la  aoro 
laportant,  tba  poatciaa  atapa  that  ara  balag 
Cakeo  to  ia^oaa  tha  mm  all  raltahilltj  of 
vaapaa  apttaaa. 


INFORMMION 
GtncraVcd  from 
INDUSTRY 


Summaru 


NOL/Corona 

SMmars  Rtforl 
•nd  Microfilm 


Pr«pftr«d  for 

BUWEPS  -  5.P.  20 

Special  Projects  Office 


Microfilm 


Figure  Ho.  I 

POLARIS  COMPONENT  RaiABILITY  HISTORY  SURVEY 


-Report  Svmmaru  Sheet 
(Filled  in  bu  controctor) 


Microfilmed  end  olao 
prepered  a»e  S*x0* 
Sommer^  card  by  O.D.C 


I  (lUpiH  Sompinrj 


■  . vfi 


E'i:::££|  I’:  .mI 

«» •  o  . Jr  >i  iv 


Enyinoer**  litcrofilm  Card 


Figure  Ho.  2 
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•TERRIER* 


Convair 
Ramona 
(vM  ^KREP) 


Prime  Sources  of  Informahon 


•SIDEWIMOER* 


•TALCS' 


fiendix 
Misha  luaka 
(na  ftUWEPSREP) 


Phileo 
Philadelphia 
(via  RINSMRT) 


•SIDEWINDER* 


General  Electric 
Utica 

(via  MWEPSREP) 


INPUT  \ 


Examples  of  lijpesof  information  Prom  each  conlnbulin9  source. 


0«»>an 

OusliTiu 

Tc*l« 


Oaltfiulion  ^ 

Au*pl*ncc  Approve* 
Cvatu*ttov>  Pari*  S. 
Tiala  ¥tndort 

kiala 


Xatovin^  A«-a>ilifK 

inapAclien  T*ala 

e*porl* 


AaporH 
Ttal  k 
ftilar* 


Xaporls 
T<*l  a 
Failure 


rii^M 
IKpoirla 
Toil  a 
failure 


Elcclrontc"  Eleclncal "  Mechanical 


Da  la  Center  Program 

PROGRAM 

f  I-  Screening  of  incoming  d»*«. 

1  2-Sv)mmaf nation  of  data. 

\  3-M«chaniialion  of  data  eotpol 

NOL/Corona 

OUTPUT 

Conlenis  of  volumes  uihich  the  design  engineer  gels  ai  his  desk 


INSTKVCriONS 
TO  PAKTICIPANT3 

forcMPord 

SOP 

Centne  C^d4 
CoSfcf  Pwrlici^linf 
Con^rweterf 
Vwntfer  Cod« 


SPtCIPtCAriON 
CAU  3llt€TS 

ifem  Name 

0<Kr<pfio<« 
OimcotionS  Ik 
Confi^ur^liOn 
l<€(h»nicel 
tlRcJric^l 
CMrKUnsftcR 
LtmiU 


APPtiCAXtON 
DATA  3AE(TS 

Tuoicwl  Dc»*gr> 
AppliCAtionft 
Cw*'v€R 
0r9pns 
ChwrtA 
0ut9lcn<*in9 
<K«r#<l<rolicw 

loformAhoA 


PART/€OMPOMU4r 
nsr  AcroATS 

SorT>m»rstts  of 
Ittf  Reports 
Microfilm  Coou  of 
Test  A^poris 
of  Trsts 

I  rwsroMMAl  e  t 
Acccp»»r»c« 

ausliMColMm 
%vfv«ia  VmmcIk 
Ae '  Oufi  ^tcst  »oft 
Product  lOO 
Fitid 


Figure  No. 3a 
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Car*cltOT.  IlMltdjtU.  TMtal 


•••ffl  “□ 


C^tatlat  U(«.  rlllM  taarataca 


!(*«» 


Aa:^.UMno|oc  l««h. 

STOMCI  I 


MOltTVU 

tCSftTiJd 


OnUTUK 

tin 


rttCITT  1/2  ht  «c  4V*C  UIImM  ^  4  aU  «t  (I)  I24*C  ^Utll 

TD<ftiuTVi 

f«t«^ (]),  OC  )«*k.  CM«r*«t  4  «4/l^^7i;  Car.  clM*4*. 


lai 


•«•»•«  All  *inT“«TTU‘il 'f  ••♦'•li* rvl4M«'Vr'«iM7r»l»t«  M  tNi  ^ 

•#4l«  allvr  (br  atvcaf*  ««•<. 

Tbr  Ur^rr  <C4  c«*«  af««)  Im4  ^mm4  tW*«flMw4  iW  ••vlrMvavca, 

Cxriatvr  <4^«<I(«K<«  cKaac#  v«»  (W  TW  4^  ]OC4l  BodrU  iafUA 

iM'iaioM.  *  ^ 

TIM  «*«11  ic\  «a*«  •!■«)  r«rf*rw4  Wlf.  IW**  wilta  aHart»4  4«ai« 

u^ratianal  1 1  (v .  Tbcta  w«v  a<»-r«<*a  ««hrv  IsIlMCra  Auvlb#  lit*  mmd 

flltM  <«ftTa<<Mr  l«a«a. 


T 


Figure  No.  3b 

Port/ Component  Test  Summarg  Report 

GUIDED  MISSILE  DATA  EXCHANGE  PROGRAM 
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uUABiLirr  or  a  wiuwf  aianM  ootenMiiiG  um  MBimivom 

■tC.ii.  Tm*  wmS  ■.  L.  Ltm,  HMbcro  •i  Ttcfenlcat  BtkfY 
M<«tea  Uccnft  Ckil*M  <^*7.  C«li/»raU 


Stitwwnt  ef  tlw  rroblw 

A  l<wtf  i*  to  ■  oyotM  coiVoooA  of  ■  cl*- 

Btott  <A,  i,  C,  — ).  Xhto  oil  the  cloacirto  oir* 
octl^,  the  leodo  token  by  tne  IndiolAial  «!•- 
■enlo  ore  oo>  to*  *•*  — *  tetpectioelT-  •••• 
oor  ODC  clcoeat  too  foiled  oo  ttaot  ooly  tbo  r»> 
noinlof  (ii>l)  elearoto  oio  corryloB  tlii  dlooa 
l®»d,  the  loodo  token  by  the  iodlvldnol  elcaevtn 
oic  incrcoied  to  o^,  bx,  *1,  — *  roopeotloolT. 
1/  oore  clcneots  hove  foiled*  then  the  loodo 
token  by  tin  lodlviduol  elencoto  ore  incxcaaod 
further,  for  eleneot  A*  the  probobUltieo  ^ 
oucccoo  or  the  reliobilltleo  ot  lood  levelo 
Og,  ox.  —  ore  A^*  *!•  —  reipettiyely.  TItcae 

lood  Xeveli  ond  their  eorreipandinf  relioblUticn 
ore  (iven  la  Toble  1.  Note  that  A^  K  Ax  2' 

*J  ^  Ax  — .  Bo  2  Bx  &  B2  t  »1.  — ,  etc, 

te<|Ulred  the  reliability  of  the  oyoten. 

Solution  of  the  Frobleo 


not  tko  pcobobllltT  tfeot  oteMt  A  vlll  pOM 
both  rouodo  of  csanlnotiao  o^lo  tbo  pcotahU* 
Ity  that  It  oncceodo  oa  tbo  ficot  toond  tlM 
the  proboblllty  thot  It  aocennda  oa  tbt  oinad 
irotad  (loca  that  it  larradad  oa  tbo  firat 
totadi  that  la.  the  dcaiind  paoboblllty  tjala 
*1 

Ac-;5j  -*1. 

U  xuted  la  ihm  Ust  tmt  •#  Tibia  Kl. 

Tbc  |>rob«blllty  of  bavi«(  elcarst  ■  fill  iloa* 
i«  tberefor*  th*  product  o#  oU  the  la 

tb«  liftt  row  of  Tibie  ll.  iai  la  fioCB  bf 

CibtBi - ,  Per  amf  otbrr  otder  of 

axialoitioay  tucb  oa  B  A  b  C  1  tbr  aaaa 

will  ba  obiaiaad.  bcoca.  tba  probabllitf 
of  alcoetit  B  f«llli>f  aloac  is  iadcpradcat  of  thi 
order  of  exoalaitioa* 

<11)  Caoaral  Caat  -  Aay  aoc  elcMt  faiUaB 


?robtbilltieA  of  fiilura  of  rzactlf  onc«  tw  or 
three  eleaentr  io  the  lytteo  will  b#  cAalfscd  ia 
'*i.t  I.  Theie  rr^ulti  ere  tbea  fcaeraliaed  bo 
•Df  n\  ab-rr  cf  s;lc«eit  failure!  by  tbe  aetbod  of 
inductv^ie  la  Part  I.*.«  Illustrative  exa^lea  ora 
fifCD  ia  Part  111* 

Part  1  -  Probabi litica  of  failwre  of  awolt 
riMober  of  eleoeatia 

Caac  (1)  ^  None  of  the  eleoenta  faitu* 

Probability  of  aoeceaa  of  elewetil  A  *  ^ 
Probability  of  succeaa  of  cleweni  S  * 
Probability  of  eucceai  of  eleoeat  C  *  Ca 
etc. 


Probability  of  occurrence  of  Caac  Cl)  ** 


For  the  special  case  where 

Chen  the  above  exprcaaion  aiopliflea  to  A^ 

Caae  (2)  Or>e  and  only  one  clewent  falta* 

(i)  Special  Caac  -  flenent  B  la  tbe  elewaad 
which  falls.  If  the  order  of  eiLaalaatlow  ia 
A,  C,  — e,  then  for  the  firat  round  of  caai^ 
ination,  the  probabilities  for  A«  C,  to 
succeed  and  B  to  fail  are  Oj*  and 

respectively.  Theae  are  listed  in  Table  11 
where  s  circle  denotes  succeas  and  a  croaa  4a* 
notes  failure.  How  clenent  A  wust  be  esawioed 
afaln  since  a  chanfe  of  condition  has  occww«4 
after  the  first  esaninstlon;  nawely,  clcwost  0 
baa  failed.  Since  elewerrt  A  has  succeeded  oa 
the  firat  exaninatlon,  it  is  a  certainty  tbnt 
its  failure  load  exceeds  ao«  After  B  baa  fail* 
ed  the  load  on  elenent  A  becomes  a*  (bera  ag 
2  a^).  Afaong  the  A  elearnts  bawlnf  faila»« 

loads  exceeding  a^,  the  friction  whJcb  brwa 
failure  loads  exceeding  ag  ia 

*o' 


Tbe  probability  of  any  awe  ele 
alone  ia  obviously  given  by 


fsliiaB 


Ci*Ao)  BgCgDi*.  w  Ax(1«B^>  C|»i—  ♦ 

*i»k  <»-«;.>  ^1—  •  ~- 

Thlu  probahility  i«  Indrpvadnik  •€  thr  eidn  pt 
ewalMliM.  fur  th.  tpccUl  WM  uhn* 

A.  •  •  C.  •  - ,  *1  •  *x  *  Cj— ,  the*  tiM 

ubave  expveoloa  siapll/ica  ts 
•d-A.) 

CAM  (3>  -  TUD  And  OAly  tVA  ClOMdA  fdSl. 

(t)  Plrst  Special  Cau*  -  EltMutA  >  Aad  ■  Aie 
the  eleMctA  which  fell  with  B  tpilimf  fleet. 

If  tbe  order  of  exawlutia.  le  A,  B,  C,  D, - , 

the.  the  resulta  of  CAAjriiiAtiu.  ead  the  ewrree- 
pondinf  probAMlitlea  ere  (iwea  1.  Table  III. 
The  probability  of  occurreoce  of  tkie  apeciaX 
caae  U  A2(l-Jlo)C2(l-0x)Aj— . 


iii)  Second  Special  Caae  - 
fail  with  D  fUlln(  firat. 


neaoea  B  aed  P 


If  the  Older  of  exealna'iiu.  rewoloa  A.  B,  C,  B, 
then  the  reaulta  of  exAnioetio.  end  the  correA- 
pondiop  probabilities  are  piTt.  in  Table  IT. 

The  probability  of  occurrence  nf  tUa  special 
CAM  is  A2(I\,-BxK2(1-II|.>*2 - . 


<ili>  Third  Special  Cam 
fail  in  any  order. 


ta  B  wid  B 


If  the  order  of  exaniMtlon  la  A,  B.  C,  B,  — , 
then  the  probability  of  occarreaec  of  this 
Bpecial  case  la  the  aim  of  the  In*  peewioos 
apeclal  caaea  and  is  piyea  hy 

<l-Be)(l-«x>  •  {B„-Bx)a-»^  — •• 


1 


Hot*  tkat  tkl*  otpccMloa  U  lavariut  i<cf  *■ 
cxclwnc*  Hetvccn  ■  and  •.  It  la  lad«p**dc«t  oif 
the  or4c*  at  raaolaatl—. 

(1«>  Ccacral  Caa*  ••  hmr  tw  clcanta  fall  la  aay 


If  tin  erilct  of  caaaioatloa  la  A.  B.  C,  B,  • — , 
thffl  til*  prebaMlltir  of  aay  Imd  elnrota  faillof 
lo  oar  0*40*  la  okolmaaly 

••  (Aa-Al)(l*«a>  CaPylj - 

-  (l-%,)tl-Ci)  •  •^2*3 - 

♦  (l-AaXl-O^)  ♦  1-0,1  BiCaBj — 


•  (l-VKl-Ci)  *  *^#2*2 - 

-  (l-B,l(l-Op  »  (Bo-«|)(l.|l^>  A2C2B2 - 

«  (1-C;,)  (l-O^l  ♦  (Co-CiKl-O^l  AjAjBj - 


Ttila  piobabllltT  1*  liorariaot  oixlar  aa  cxchanf* 
t'«t»«a  any  too  clewtota  *0  that  It  1<  lad*- 
pcedtDt  of  the  order  of  exaBiantloo. 

For  the  a^ierial  caa*  Miter*  •  Aa  *  ^  *  **> 

A,  •  •  Cj  •  — .  *j  •  ^  •  C,  •  — , 

the*  tiK  abo»*  exprcaaioo  aiaptiiie*  to 

(1^X1  •  A,  -  lAj)  a“** 

Caa*  (4)  >  Three  and  only  tkee*  elcamta  fall. 

Conclualona  aial-ar  lo  Caa*  (3)  can  be  obtained 
for  Ciac  (41.  For  the  apecial  caa*  Mticr* 

*0  *  »o  *  Co  •  -  —  .  *1  •  ■  Cl  ■ , 

Aj  •  ij  •  Ca  •  — the  probability  of  any  three 
eleaeata  failliyi  la  any  order  la 

— I<l-AiXl»A,«Ai.lA2l 


la  a  atruetier*  cai^oaad  of  •  oleaMM  iH  oatH 
1*1  or*  already  obtalaod  la  Fart  1.  IB***  *« 
aolta  or*  ll*t«d  1*  Table  V-  By  aa*i«itlaB 
▼aloe*  of  1.  2.  3(  4  and  S  to  ■«  th*a«  peoBaB 
Itiea  take  oa  apaclal  valoea  llatod  la  tB*  tM 
thromh  acTColk  colaai  af  tb*  aa**  Aihl*. 

It  la  obeloua  that  fi.  fj.  fit  — .  ■*«  f**et* 
of  A*,  Ay.  *2,  and  not  of  a.  To  ilitnaiB 
fy,  tak*  the  caa*  *  ■  !■  tinea  the  aia  mt  tk* 
pTobabllitle*  of  ao  elcoent*  faillnB  and  OM* 
eleoeot  falUiy  aaia*  be  anity.  IMI  haot. 

A*.  fi  -  1 


By  tekioB  n  •  1  mmd  •uMaUnf  OB 
biiitics  iMMler  tbAt  coliMi*  wt 


a£  .  lAjfi  •  f2 


l-A|-2Aifi 


Si«ilArty  Me  t*ire 

fj  .  I-aI  -  3A}fi  -  JAyfa 

f*  -  l-A2-4A|fi  -  AAjfa  -  tA^f, 

fj  -  i-Al-sAjf^-ioAlfa-  ioAjfa-  sAaf* 

fm  ■  »T^* 

.  ola-lXa-f).*-!. 

- - - *,  ,, - 

_  »(».!X»-2)--d-3.*  , 

'•(^2)< - 

_  ^  ri% 

— (i:r,i - 

The  above  expretslonz  for  fi,  fy  aad  fj  oar** 
exactly  Mitb  the  rcaelta  of  Fart  I. 

11)  Flrat  Special  Caae  -  Frobabilltlc*  mt  foIV- 
ure  of  the  eleaents  are  conatant  and  not  deyaa 
dent  on  the  nuaber  of  clcncnta  actiny.  TBla 
appllea  to  the  cooaoa  caae  vher*  each  *)*■«■» 
doea  not  take  on  additional  lead*  xhco  the* 
clcneota  fall. 


Part  II  .  Probabllitlea  of  fallorc  of  aay  oor^r 
of  eleaeata. 

let  the  analyals  here  be  ecatrlcted  t*  the 

apecial  caae  Ac  ^  *  — t 

Aj  •  Bi  •  Cj  -  — ,  A2  •  Ba  ■  r2  •  — , 

Aj  •  Bj  •  Cj  ■  — ,  etc. 

Fo>  this  epcclal  caae,  tie  pcobabllltlca  of 
fallorc  of  pecclaely  at,  too  or  three  elctot* 


f_  -  (1-A>" 
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iiifw  •uTiiii'iinfir 


til)  S«coad  Special  Ca»«  -  Sf«t««  f«il«  «*— 
any  oM  *l*»ci>t  faila.  Tula  appllca  t*  •  »r^ 
tea  coapoacd  of  a  •l'?<aeata  la  aerlea. 

Hera  a  Aj  a  *3  a  o 

fj  a 

*2  ■ 

f3  a  l-*2 

f»  •  l-*o 

fj  a  l-l3  <« 

Part  111  -  Illualtalira  taa^laa 

Exaaplc  (11  -  In  ih*  parallel  oparalloa  ot  valt- 
a(t  rr(ulat!i«  tubra,  Fl*ur*  Cl),  tke  loaA  ta«l 
In  rich  tube  la  tg  ahen  all  four  tubra  are 
actanga  After  one  tube  tut  ftil«4  to  thet  o«lf 

three  tubes  tre  tetinit,  the  load  level  iA  etch 
tube  I*  incretted  to  tj-  Slolltflf  tftee  ta* 
tnd  three  tube*  tuee  failed,  tlie  load  level  Id 
each  tube  1*  incretted  to  03  *3 

tively.  All  the  tubes  ire  fro*  tbe  sane  90p»- 

Istion  with  reliabilities  A^,  A^,  a«d  A3 

ecttetporvdinf  to  losd  levels  o^«  •l* 

St  respectlselya  Here  A^  i  A|  2  Aa  i  A3, 
Re<iuired  the  reliability  of  lb*  oetteiet* 

Soluticfl  <l)  -  Assuac  the  systew  to  fall  odif 
when  the  circuit  is  broten.  This  occurs  ooly 
when  all  four  tubes  fail.  Then  ftoo  Table  T, 
for 

•  •  •  «  d«  oc  have 

Probability  of  failure  of  systew  •  14 


letter  arc  tbe  steosA  lereli  obeo  4, 
i  aod  I  wire  respectively  axe  carryleg  tbe 
eeiebt  W  A  Required  tbe  relUbility  of  tbe 
stnicture* 

Solvtlofl  -  Asauo*  the  strvKtuie  to  fail  ealy 
all  five  wires  fall*  Then  froo  Table  T, 
for  »  -  ■  ■  5,  we  hsv« 

Hobabiilty  of  failwe  of  the  atructure  •  £5 

7W  value  of  can  readily  be  obtained  fro« 
formitas  <1)  throu<h  (35.  The  reliability  of 
tbe  structure  is  l^f^* 

If  A^  -  O.t,  Aj  .  O.i,  Aj  -  0.7,  A3  -  0.4 
and  A4  •  O.S,  then  fj  •  0,01294-  If  the 
osual  forwula  for  parallel  aystena  with  no  toad 
redistribution  is  used  to  calculate  the  probe 
blUty  of  failure  of  the  above  systeo,  then 
•  Aj  ••  Aj  •  A3  e  A4  •  0.4»  and 

£.  ■  0.00001,  Hence  the  usual  formila  nef* 

lectins  load  redistribution  predicts  a  probo- 
billty  of  failure  which  is  99.92  percent  ton 
sosll. 


Rellsbllity  of  systen  •  l-fe 

The  value  of  fs  can  be  readily  obtained  fron 
fornulas  (1)  throusb  O). 

Solution  (ii>  -  Assuiw  the  function  of  the  ays- 
ten  to  be  sufficiently  inpsired  and  failwro 
declared  when  three  or  *)re  tubes  have  failed. 
Then  fron  Table  V.  for  n  -  4j  •  -  J.d,  we  havn 

rrobshillty  of  failure  of  aysten  -  AAjfjf*  £4 

RcliabllltT  of  syaten  -  l-(AA3fj^4> 

The  values  of  fj  throusb  f4  can  be  eendily  ob¬ 
tained  fron  fornulas  (15,  (2)  and  (3)» 

Eaanple  <25  -  A  weight  Tf  la  supported  by  • 
structure  conpnsed  of  five  wires  co»ected  i* 
parallel.  Figure  (2).  All  five  wlr«  are  fro* 
the  sane  population  with  rcliabilltlca  A^,  A|* 
*2*  corresponding  to  Ihe  strena 

levels  n^,  Sj,  ®3*  *4  re»f>ectlvel|t 
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UNDERSTANDING  AND  IMPROVING  SYSTEM  UUABIUTT  AND  MAINTAINABILITT 
USING  INFORMATION  IN  ENClNEERlNG/CNVUtONMENTAL  MAl^FUNCTlOW 

DATA  SAMPUCS 

Sy:  Mr.  Ali*n  &cb4  Mr*  AlWrt  Sutharbf 

Raythecra  Cof7\p*ny«  Alrbom*  Eqalpm«fti  OporMtont*  Sudbury, 


SUMMARY 


This  pap^r  dcicrlkws  roma  of  th«  ftcUv- 
Ulea  of  a  Reliability  Section  during  an  alrboraa 
radar  iyttcm  eng Inccring/environmental  teal 
program.  Thcec  activltlea  range  from  data  col¬ 
lection.  proceceing,  and  computational  work  to 
the  identification  of  actual  and  potential  relLabU- 
ity  weak -links. 

GENERAL  DISCUSSION 

One  of  the  important  provieione  for  a 
cacceeefui  reliability  program  ia  the  operation 
of  eyatem  model#  in  eimulated  miaeton  environ- 
mente  prior  to  and  daring  full  ecale  production 
of  eyetcme* 

While  thle  type  of  testing  allows  reliabil¬ 
ity  the  opportunity  to  collect,  proceee.  and  tabu¬ 
late  malfunction  data,  it  also  allows  the  identifi¬ 
cation  of  system  weak-linke  prior  to  or  at  least 
simultaneous  with  operational  or  field  malfunc¬ 
tion  experience,  and  the  obtalnmcnt  of  corrective 
action  wliich  can  be  reflected  earlier  In  produc¬ 
tion  models. 

Of  course,  <ihe  efficiency  of  a  particular 
fix  can  be  determined  by  processing  appropriate 
field  or  operational  loformatioii.  In  general.  tLe 
feedback  loop  to  systems  engineering,  <}uallty 
control,  purchasing,  component  engineering,  and 
other  agencies  involved  in  the  corrective  action 
process  is  shortened.  Timeliness  of  information 
is  an  important  characteristic  of  a  successfol 
reliability  program. 

What  type  of  information  should  reliabil¬ 
ity  be  interested  in  obtaining  during  an  engineer¬ 
ing  test  program?  The  baeic  data  needed  for 
computing  system  reliability  ie  system  operating 
time -tc -malfunction.  In  studying  a  system  or  as 
enecmblc  of  systems,  the  data  collection  process 
cannot  begin  until  agreement  is  reached  on  what 
is  meant  by  system  operating  time  and  system 
malfunction. 

For  the  airborne  radar  system  currently 
being  studied  by  Raytheon,  operating  time  is 
defined  as  system  usage  time.  This  system  quan¬ 
tity  is  compos-d  of  transmit  and  standby  lime. 

System  n^alfunctions  are  divided  into  t«w 
general  categories:  lethal  snd  nonlcthsl,  A 
lethal  event  renders  the  system  inoperative  or 
dead  and,  therefore,  completely  useless  to  tha 
systen)  operator.  Certainly,  the  operational 
worth  of  a  system  is  partially  judged  by  how  sus¬ 
ceptible  the  system  is  tu  lethal  malfxinctlonff  or 
how  successful  it  is  In  remaining  on  the  air. 
Therefore,  the  system  statistic  operating  tlms- 
to-lethsl-malfunctions  in  evaluating  system  oper¬ 
ational  worth  is  considered. 


Ons  affact  od  ayaiani  malfonctioaa  !• 
ayaUm  down-tima.  Tka  Icaglh  of  tima  that  a 
ayatam  la  down  or  anavailabla  for  tactical  Baaga, 
loUowtag  a  malfunctloa.  ia  a  lanctioa  od 

a*  Tha  aevarity  of  tKa  malfunction,  tkat 
la.  tha  percentage  of  the  aystenn  affactad  by  tha 
mallnactloa 

k.  Tha  accasaibiUty  of  the  affactad 

araaa 

e.  Logistical  problems,  such  aa  tha 
availahltlly  of  corr.ponent  part  aparca,  rapalJr 
chaaocla,  and  repair  crewa 

d.  Tha  availability  of  op-to-data  chack- 
oat  procaduraa. 

Within  tha  cngineerlng/envlronmanial 
t«st  program,  wa  have  been  concerned  with  ta^ 
autlalica:  tha  tlme-to-locaU'-tha-systam-mal- 
fanetion  area(s)  fonca  a  search  begins!,  and  tha 
time-to-repsir.  conditioned  on  tha  accompllah- 
meat  of  malfunction  location  and  tha  availahility 
ad  aparaa. 

Maintainability  numhara  for  a  ayatam 
depend  on  the  latter  stitiatlc.  Slnca  cnglnaarlng 
peraonnel  were  Involved  in  tha  repair  actiona 
alwdiad,  the  time -to-repalr  sUtUtlcs  ara  prob¬ 
ably  optimistic  aa  to  what  can  be  axpectad  duriag 
actual  field  operating  condition#* 

However,  with  the  Incraaalng  concara 
for  ayatam  down-time  and  maintainability  nom- 
brra  as  aids  In  stating  over-all  system  opara- 
Cionat  worth,  it  appeared  that  it  was  aaaentlal 
to  process  time -to-locate  and  time -to-repair 
data.  Furthermore,  when  engineering  peraonnel 
Wgaa  to  understand  numerically  tha  problems 
iaclfi*  II,  id  personnel  when  osing  the  system  ia 
the  manner  and  for  the  pirpoae  intended,  it  was 
eaafar  to  obtain  engineering  actiona  which  Im¬ 
proved  field  check-out  procedures  and  made  cer¬ 
tain  ayatem  areas  more  acceaaibla  for  repair. 

Component  part  and  electron  tuba  ra- 
rfMnrala  were  Investigated  for  a  total  operational 
time  -  In-socket  value,  and  a  correlation  betwaaa 
removed  part  analysis  result*  and  reported  rt- 
moral  cause.  While  computations  were  perform¬ 
ed  for  removal  rates  (hours**)  for  a  clast  of 
components,  such  as  a  particular  typa  of  alac- 
Iroo  lube,  removed  part  analysis  resulta  wrra 
aaad  ta 

a.  Support  englnearlng  investigationa 
of  ayatam  weak-linke  of  a  design  nature,  such 
aa  aockel  dependency  and  overstressad  part 
appllcallona 

b.  Bring  part  vendur  attention  to  part 
fahrlrailon  defects  of  a  quality  nature* 


<•  Improve  part  Incomlai  tnrpac- 

tion  fro<«^r««  throagk  am  aadtrtUndinf  of  part 
malfoAOtlon  mo4aa  dariaf  apaUm  oparatloa 

d.  Contrlbata  diracUf  Id  kiM  ov«T-all 
ImpTovamant  of  fiald  ctiarfc  -oat  procoduraa. 

DATA  COLLECTION,  PROCESSING.  AND 
COMPUTATIONAL  PAOCEDOIIES 

Whlla  tlmaliaaaa  of  iatormaUoa  la  aa 
important  coaoida  ration  in  pUanlnp  a  raliablUtf 
program,  data  accuracy  in  alao  of  concern.  To 
help  aiaura  accuracy  of  Inibrmatloo,  pcraonnal 
(reliability  monitorai  oar#  aialionad  ad  tba  aya* 
tarn  teat  locationa.  Tba  prlma  raaponaibLllty  of 
theia  people  waa  data  collaciloa.  I^vavar.  thoy 
were  alao  able  to  obaerva  and  to  advlae  RcUabU* 
ity  whether  or  not  the  ayetem  waa  being  aaed 
the  manner  and  for  the  purpoae  Intended, 

The  uaual  type  of  data  collection  forma 
were  euppUed  to  theae  moniiora.  Each  ayetem 
malfunction  waa  verified  by  repreaenlativca  of 
three  eecllona:  rcUability,  ayetem  teet,  and 
dcaign  or  ayatema  englnaaiiag. 

Ail  malfunction  data,  includirg  removed 
part  analyala  reauUe,  were  encoded  for  IBM 
proceaa  Ing.  Thia  enabled  a  rapid  analyala  of  a 
functional  block*a  malfunction  hiatOfy.  Since  all 
field  nnjLlfunction  data  ia  being  encoded  for  IBM 
proccaaing,  it  la  eaay  to  perform  comparaMvc 
atudiea  of  a  functional  block*a  field  and  engineer- 
Ing/environmantal  maifuactlona. 

Staiiatica^ly,  the  reliability  (unction, 
that  la.  the  probability  of  no  iyaUm  maUur.ccjon 
lor  a  deaired  period  of  ayaiem  operating  time,  at 
a  functloo  of  ayatem  operating  time,  ia  expreaaed 

aa 


MO  • J  ;(*»>o.  Os  m  s  w 

t 

where  a  ia  a  continuoua  atochaatlc  variable  rep- 
riaenting  the  length  of  deaired  perioda  of  natie- 
factory  Operation  (abacncc  of  malfunction).  De¬ 
aired  vaJuea  of  a  are  dependent  on  the  tactical 
requirement#  of  tht  eyatem.  A  univariate  den- 
•  ity  function,  !(«),  ealialiea  the  equation* 


Btatiatlcally.  ibo  oMladBluMUly  iaoc* 
tloo  la  the  probabUHy  that  tiaa  oyaloaB  tHiU  W 
repaired  (onca  a  ropalf  artiow  bottaa)  bo  oa  lo* 
apecifieation  oporatiof  coadtHao  a  gtv— 

pe  .'iodcdUma,  aa  a  fuactloo  ad  tiicao.  Pork  a 
AaricLoa  caa  bo  writt—  oo 
t 

who  to 

g(w)  la  Dm  timo  ba  repair  daaaMy; 

«o 

^  g(w|  dw  -  1 

0 

Both  tho  cpntinaaaa  taolotaki ablUty  aad 
the  reliability  functioaa  royalro  a  haowtodge  of 
continuoua  timo  deneity  faac^ioaa.  1*ba  almplaat 
form  of  auch  a  functloo  la  the  aalvarlata  oaipa* 
rameur  eaponentiai  denalty 

Z(v)  •  «vp«  (-v/B).  •>*, 


For  a  particular  problef*.  It  nooy  bo 
poaeible  to  conetruct  a  mekniagfol  point  type  or 
nodparametric  reliability  ^■ctloa.  Sock  a  func¬ 
tion  can  give,  by  obaervatkm.  aome  iMfication  ol 
the  anderlying  continuoua  Uma  dewaily  faactioa. 
Teata  for  algniflcanga  caa  ba  tatredocod, 

Aa  mentioned  before,  doww-tlaao  Inctudea 
both  time-to«repalr  and  time *ao-locale..  Aa  aueb. 
4own-titnr  ia  expreaaed  in  phyairal  anita  (boura). 
whereaa.  maintainability  ia  eaproaaed  la  term# 
of  a  atatiatical  quantity,  namely,  probability, 
Syetem  availability  ia  alao  expreaaed  la  tarma  of 
probability  and  can  be  computed  by  dividing  the 
rnean'time-to-malfanction  valaa  by  tbo  aum  of 
the  mean -dowm -time  and  mraa-tlme-bo-roalfonc- 
tiofi  valuea. 

It  le  poaatblc,  of  tour ae,  bo  proceed  with 
a  functional  block  anatyei*  lor  malntnlaabUlly  and 
avaiieblllty  aa  well  aa  for  reliability,  Veak-Iinka 
for  all  three  ayetem  etatietica  caa  ba  aatabliahed 
by  an  engineering  and  atatiatical  analyala  of  the 
collected  iniormatloa* 


^  f(i>)  dx  •  1 
0 

If  the  ayetem  property  in  queetlon  ia 
operating  time -to -lethal 'malfu/icllone,  the  prob¬ 
ability  oif  no  lethal  malfuncllon,  for  a  given 
period  of  operating  lime,  at  a  function  of  oper- 
atin|  tirrie,  la  defined  aa  the  lethality  probability 
function.  Such  a  function  can  be  written  aa 
m, 

I 


COMPUTATIOTML  APPUCATIONS 
Syatem  Life  Hiatory  Siatiatical  Madal 

Figure  I  indirstea  n  portloa  ad  U»a  ata- 
fiatical  life  hiatory  model  lor  the  firai  ayaiem 
•tudieri.  The  model  plola  the  ayattm'a  haaard 
rate  (houra’l)  aa  a  function  ol  tba  ayatem*a  oper¬ 
ating  time.  Notice  that  the  model  f<Mlowa  the 
claaalcal  "balltfub"  curve  referred  lo  la  aewtral 
tellablllty  tcMta.  Testing  la  cowtinoing  on  Ihia 
eyairrr,  nncl  it  ia  of  Interest  to  dotermiao  whether 
the  increase  in  harard  rata  |at  tW  end  of  the 
curve)  ia  nn  indication  «d  entrance  into  a  wear- 
out  region  which,  perhaps,  may  be  drncrlbetJ  by 
a  Cauaaian  density. 
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total  numkm  or  ctecrMN  rvm» 

AND  COMPOMCilT  MUTTS  •SRI 
(A  measure  or  SYSTEM  COtArLOOTVl 


SOO  400  SOO  000  TOO  000  too  tOOO  II 
cumulative  satistactory  oroiAraM  time  (hours) 

T  l|ur»  I .  AirSornc  R»d»r  System  No.  X  IjU  History  StalistlcAl  Modsl 


DOWN-TIME  tNrCRVSL(HOURS) 


Down-T  imr  t'lsIrltnitloTi  /or  lour  Airbornr  Rtfiar  Systems  r>«rln||  r.nn  liter  ring/ 
Knvircnrncntal  T««1 
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Dowa-Tlma  DlvUibattoa 

rigat*  I  Indicate*  a  aafnpl*  down-tlnia 
distribution.  Thl*  dlatrlbutloa  was  d*v*lo|>«d  tj 
pooling  dewn*lim«  <UU  MmpliiA  from  four  (cugi«^ 
oe«rlfig)  Idonticol  oirbomo  rmdara.  Tbi  ouiom- 
U«  oumpU  Ifidicatca  u  Urgo  wunbor  ef  ovonta, 
yi/7U  or  52«  •  p«r  coot,  of  almrt  durutlou,  that 
it.  Icaa  Chan  10  hooro.  Ooo  ovOQl  Involvo^  tbo 
2(M-210  hour  iotorval.  Howovor,  70/7i  or  W,7 
par  coot  ol  tbo  ooonto  woro  loaa  tbf  40  koora* 

rifuro  3  Indicator  two  nonparamotric 
and  toro  paramotric  down-Umo  fooctlotto.  Botk 
•yatom  down-limo  functiona  war*  eomputod  aoing 
tho  informati'^a  io  figoro  2*  Tboao  fuactiooa 
doacribo  tho  atatiatlcal  probability  that  tho  walilag 
tirr»o  io  torminato  a  down-atato  oxetoda  a  dowa« 
timo  int«rvali  at  a  function  of  down-timo.  lo 
other  worda,  uting  tho  down-timo  function  oxp. 
(>t/14.4)»  t^O,  thcro  io  a  37  por  cent  probability 
that  the  ayatora  will  atiU  bo  lu  a  down-otalo  altar 
14. 4  booro^ 


Nonparamctric  and  Pnramotrlc  ^boyotom 

Reliability  ronctiono 

rigure  4  indicator  tho  proront  nonpara* 
metric  reliability  function  for  black  bojt  No,  1. 
This  function  war  computed  uring  both  lethal  and 
nonlethal  malfunction  time  data  devolopod  during 
engincering/environmental  toot.  Tho  parantetrie 
reliabnUy  function  exp,  (•l/43«l).  120.  io 
preoented. 


Thio  ^  ^  ham  la  a  major  oubayatom  od 
tha  alrbomo  radar  aador  Inroatigatioo#  Malluac* 
tloo  data  from  iaar  Idootlcal  (angloaarfogj  aah* 
•yatoma  ama  aood  to  dorolop  llgura  4.  Thaao 
four  idooUcal  adbajrtatna  rapraaaat  aa  aaaombto. 

Figaro  S  tadlcBtea  tbo  praaant  ooapara* 
motric  roliabtlity  darrtina  for  blach  box  No.  2* 

Tbo  parametric  luUabUlty  laactioa  oxp»  (*t/73»9K 

la  alaagruiMiidd 


Oar  tooratlguHaoa  hara  abown  tbat,  after 
euitablo  buru-lo«  tbo  alrbomo  radar  ayotom  caa 
bo  raprooeoiod  Ihirip  accaratoly  by  tho  rollabillty 
e^aatioa 

_  b  a 


For  I  >0.  0<  IL<  I.  For  t  •  0.  Rj  e  1, 


•j 

meao  «tlmo  -ton 


tho  j  ouboyrtem  compatod 
Uoa  valuo. 
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Figure  V  Parametric  rnd  Nonparrmetric  r>own«Time  V'uncliowe  l»r  Wamr  Alrbomo  Radarr 
Unrl«rgoing  f^ngineerlng/Environmontal  TeM 


unm* 


—  ncoMTTicAc  «cuA«*uvY  fuiicnoii*  • 

- NOHMIAMCTfltf  IICUAM.ITT  #UMCTM 


tuMtum  or  coMTONCNT  riAiirt  ah^ 

CLCCTftON  fUMS*Ut 

(wcasuac  or  olack  iox  coMrtcxtTv) 


ocfiACO  liircftvAL  or  sATisrAcrofrr  orcAATtNO  time  (»«0UAtl 

Figur«  4.  Parametric  a»d  NoMparAmetric  ftetiability  Kar.ctiona  for  Black  Box.  No.  1  Cnaamhlti 
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V  KOTC 

NUMBER  OE  COMPONENT  PARTS  ANO  ELECTRON  TUKf  •  »tT 
\  (MEASURE  OE  Black  eOK  COMPLtKlTTI 

OCMCO  arrCVVAL  or  SATISrACTOflT  Of»CnATll|Q  TIMC  CMOUA9) 

Figur*  S.  pArarn«tric  aa4  Nonpa rxmet r Ic  RrliabilUy  FurtctlQn*  (or  Diack  TV<».  No.  Z  Ertacmbl# 


IMitrihtttio*  C4»tti9oa«fkt  Part  Oparationmi  TIitm* 
la-^ockM  ValM 

Flfiara  4  iadicat**  a  diatrlbatloti  d 
GOfapoaaat  part  Pparatioaai  iima-lo*aockat  iralaaa. 
Thlt  dUtribatioa  waa  devaloped  by  collecting  and 
^reccaaiag  compoaaat  removal  iniormatUm  from 
tb«  airborne  radar  ayatem  referrad  to  io  figore  !• 
Operational  tima-io-aockat  data  waa  correlated 
with  failed  part  aaalyaia  raaulta  and  dealgo  applU 
^tion  data  in  order  to  arrive  at  a  family  of  aya* 
tem  vcak-lioka*  recoenmendationa  for  vendor 
ckangee*  and  rcceenmendatione  for  Improved 
piece  port  Incoming  inspection  teete  and  proco- 
dnrea* 

Ualfiwclioa  AaalynU 

Cacb  malinnctlon  that  occurred  during 
Iho  engineering/environmental  teat  program  wae 
claasilied  by  RelLabflily  aa  to 

a.  Canae  of  mallunctional  deeign  defi¬ 
ciency,  workmanabip.  teet  error,  etc. 

b.  Effect  of  malfunction  on  ayatem  oper¬ 
ation  ^lethal,  no  effect,  etc.) 

c.  Organiaation  reapOA^iblc  for  correc¬ 
tive  action  (engineering,  quality  aeeurence,  etc.)* 

Eack  corrective  action  ia  programmed 
for  "1>rcak-in“  into  production  ayatem,.  U  tha 
corrective  action  takea  place  aa  a  rcault  oi  an 
engioeerin,  change  proposal  iCCP),  Reliability 
computes  the  ayatem*a  expected  probability  or 
survival  increaac  aa  the  rcault  of  the  propoacd 
CCP  action,  lo  other  *orda,  the  reliability  worth 
of  the  CCP  actiea  is  preaented  numerically  to  tha 
coatomcr. 


In  astablisMng  a  retlalaUlty  woak-Uak 
Hat  aalng  tha  Information  in  tho  maUvoctian  Aata 
aamptea,  repctltlva  malfonctloni  of  Uta  aamn  lypa 
or  ayatom  location  aro  not  tha  ocly.  crttarla  far  a 
weak -link  item.  Lethal  malfuactloaa  are  al«%ya 
ioveatlgated.  U.  for  example,  a  relay  appllcartoa 
hat  malfunctiooerd  only  once  bat,  aahea  U  did  oaal* 
function,  tha  aystem  wae  rendered  onneabla,  tho 
applicatloo  la  gjoaetion  would  bo  placod  oo  tha 
weak -link  Hot  and  corrcctlva  acUon  wanald  ha 
taken  to  prevaaU  the  event  from  reocourriag. 

Actoally,  ReliahlUty  ia  lataraatod  la  twa 
major  typea  or  catagorlae  of  reliability  weak> 
linke;  potential  and  actual.  Actual  wuak-Unka 
arc  determined  from  ahaer  density  of  mallnac- 
tione  in  tha  sanM  ayatem  location,  aama  a{ipU> 
cation,  etc.,  or  by  tha  aUact  that  Iho  malfiiactlau 
producea  on  tha  operational  capabllltiea  of  tha 
ayatem.  Potential  weak-linka  ara  dlacoTCred. 
for  example,  by  paper  atudiea  of  compoaent  put 
and  electron  tu^  applicationa.  Aa  overatraaeed 
part  application  has  the  poteotial  lor  pradaciag 
an  operational  malfunction  that  could  iatarmgd 
the  operation  of  tha  aystem  at  a  time  when  it 
would  be  needed,  ^ 

Ihiring  the  englnecring/eovlroomental 
teet  program,  an  hlatorical  record  of  uch  eya- 
tem  maUunctioo  was  maintained.  Figure  T  Indi¬ 
cates  the  malfunction  register  maintained  by  Re- 
liabitlty.  Tbe  data  on  this  regiater  was  graphed 
for  managefneat  briefing  scseions  on  ayilcm  reli¬ 
ability.  Effective  presentatione  were  made  le 
management  on  sections  nlthlc  their  organiaaliea 
which  were  responsible  for  corrective  actlooa 
and  their  rate  of  progreta  toward  rceolvlag  their 
particular  problem  areu. 


OPERATIONAL  TIME-IN- SOChET  INTERVAL (MOURSX 10  *» 


Figure  h.  Number  of  Componeni  Part  and  Eleciron  T«be  Removala/Operational  Time- in*- Socket 
Interval  for  Airborne  Radar  Syatero  ffo.  X 
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SUWAKT 

Ttw  Kcarfott  IHvlalen  of  Ganaral  Fraelaica, 
Ine. ,  haa  dcatgnad  hundrada  and  aanufae- 
tttrad  thouaanda  of  haraw.tlcalLjr  aaalad 
aaraOBachcnlana  and  eooputara.  On  naiqr 
of  thaaa  c')uip«cnta,  Kcarfott  haa  bean  tha 
aola  repair  aource.  Thla  cnablca  a  con* 
paup  to  analyaa  all  tha  (atlurea  withovt 
haring  a  blaaed  aaople.  A  high  conftdanca 
reaulta  froa  auch  a  failure  analyaia  be- 
canaa  tanpering,  iopropcrly  aarvieed  and 
daaagcd  unita  arc  caailj  datacted. 

This  paper  rayiewa  tha  failure  analyala  of 
rarloua  aaalad  aarvonechanlsn  nodulea  froai 
three  widely  uaed  USAF  ayatena: 

1.  Central  Gyro  Reference  Syatan, 

AJA-2  (C.C.R.S.) 

2.  J-A  Navigational  Syataa 

S.  True  Heading  Navigation  Syaten, 

AJA<1 

A  vide  range  of  apecifle  MTBP'a  oft  ayn- 
ebroa,  clutehea  and  notors,  reeulting  frost 
tbcae  atudiea,  haa  been  liated  in  this 
paper.  It  ia  believed  that  thla  nay  be 
the  first  tine  such  conprehenaive  failure 
data,  ceneamihg  specific  operational 
cuulpnent,  haa  been  published  for  the  ben¬ 
efit  of  the  industry.  In  addition  to  oclng 
tbe  beais  of  a  comprehensive  reliability 
prograa,  this  data  shows  that  failure  rate 
correlation  on  the  same  coaiponcnt  in  the 
ssHC  appliection,  but  in  different  sys- 
tcBS,  haa  been  sa  closa  as  1.21. 


TEXT 

There  arc  two  basic  prerequlcltse  for 
accurate  rellsbillty  data: 

1.  Good  records  of  operating  tins 

2.  A  systen  of  recording  and  analysing 
all  failures  occurring  during  tbla 
period  of  tine 

Such  data  provides  a  high  confidence  in  the 
nunerator  and  denominator  and  the  result¬ 
ing  KTBF  of  the  basic  reliability  eouation: 

Mcan-Tiam-Betwcen-Failure  »  Operating  Ttee 
(MTBP)  Failures 


Definition  of  MIRF 

Mnat-Tine  Betveen-Fallttm  la  tbe  total 
■eaaured  operatlna  tine  of  a  population 
of  equipnants  divided  by  tha  total  na^ 
her  ot  fatlurea  within  tha  population 
durifgt  tha  neasnred  period  of  tine,  (ma 
■aasurenent  la  nade  during  the  usetnl  life 
of  the  equlpnent. ) 


Definition  of  Average  life 

Average  life  ia  tha  nean  value  for  a  nor» 
nal  distribution  of  lives  of  a  conpenent 
and  generally  applies  t3  ncchanical  fell'- 
urcs  rasultlng  fron  wearoot. 

It  nuat  be  renanbered  that  MTBF  and  sver- 
aga  life  are  two  separate  and  dlatlact 
factors.  They  nuat  not  be  ecufnaed. 


C.C.R.S.  RELIABILlTt  AMA1TS18 

The  C.O.R.S.  was  dealgnad  by  Kearfott  in 
19SS,  aiul  nanufactured  at  Kearfott  plants 
for  use  in  the  USN  WV.2  and  USAF  BC-121 
Lockheed  Conatclletloo  Early  Warning 
Search  Aircraft  as  a  prinary  vertical  rcf> 
crence.  This  systen  conteins  seven  herw 
atctlcelly  sealed  eervonechanlsn  nodules 
and  tha  first  production  threa-nro, 
three-ginbal  platfom  (stable  clcacnt) 
ever  nanufactured  by  the  industry.  This 
paper  covers  an  analyaia  of  the  fatlurea 
over  a  four-year  period  on  tbcae  serve 
cans. 

We  in  Kearfott  Rel lability  arc  fortunate 
to  have  data  on  each  of  tha  repaired  her- 
■etically  eealed  C.C.R.S.  servo  aodulca 
over  a  four^year  period.  A  scaled  unit, 
with  the  nanufseturer'a  t  lapeetion  starap 
over  tha  soldered  sealing  band,  ia  tha 
best  awthod,  under  today’s  nllitary  pi'O- 
cedurcB,  of  receiving  for  repair  an  un- 
taapered,  undanaged  nodule.  Sona  of  our 
avionic  cqulpnente,  notably  aapllflers 
end  control  panels,  arc  not  aealed,  and, 
therefore,  present  problcas  when  e  valid 
analysis  of  failure  data  is  attespted. 

Several  nethoda  of  detcminlng  flight  tian 
have  been  used  by  our  reliability  depart- 
awnt.  One  ccnslated  of  a  regresstes)  line 
study  of  119  C.C.R.S.  platfom  failures. 

In  each  instance  the  specific  operating 


tine  at  fallura  «raa  known,  and  an  ararasa 
valua  of  87  hour#  of  flylna  tlna  per  alr^ 
craft  per  aonth  waa  catabllohad.  An  anal- 
yels  of  the  flight  rccorda  at  aavaral  Caat 
Coaat  operating  baaca  waa  wade  by  Kearfott 
field  englneara.  Thia  prwlded  an  eatl- 
aata  3%  higher  than  the  rcgraaalon  atudy. 
Lockheed  later  provided  tha  total  nuabar 
of  flying  houre  froa  their  recorda.  Thla 
figure  vaa  7%  abova  our  eoaputad  87  bourn 
per  month.  Beth  thcaa  aourcea  confirmed 
the  rcgreaalon  line  tachnltpaa  and  indi¬ 
cated  our  eatlmate  to  be  on  tha  conaerv- 
atlva  aide. 

With  thia  background,  let  ua  look  Into 
the  fallura  invaatlgatlcau 

Figure  1  Indlcatea  the  total  fallurea  of 
the  eeven  C.G.R.S.  aervoa  during  the 
period  between.  January  1958  and  March  1959. 


nCURE  I 


Since  there  1«  insufficient  apace  to  show 
a  detailed  analysis  of  all  the  servo  cans, 
the  most  complicated  unit,  and  the  unit 
with  the  lowest  MT3P.  the  Aelmuth  Servo, 
was  selected  for  this  analysis. This 
unit,  which  contains  13  aynchroa,  3  motor 
generators  and  3  msKi.etic  clutches,  has  o 
total  of  more  than  1250  parts,  not  includ¬ 
ing  the  wiring  and  alcevinf.  Figure  11 
is  a  photograph  of  this  unit  with  its 
cover  removed. 


FIGURE  II 


Of  the  510  Aalauth  Sarvo  falluras  reported 
(froa  Figure  1),  only  187  had  an  accurate 
record  of  operating  tima  at  fallura.  this 
tlM  amounted  to  69,424  flight  houra,  am 
reported  by  our  field  englnaera  under  a 
paid  program  at  each  operating  baae. 

The  fallurea  are  broken  down  Into  two 
groupa: 

1.  Unmodified  Aalsith  Servoa  -  refare 
to  Initial  200  production  unite 

2.  Modified  Aalsaith  Servoe  -  refers 
to  all  those  units  produced  after 
tha  flrat  200  and  those  of  tha  un¬ 
modified  unite  which,  whan  relcetad, 
were  converted  to  modified  units  at 
time  of  repair.  The  modification 
conatltutcd  a  change  in  tha  bearing 
type  and  tha  material  used  for 
ceveral  gears. 

Four  failure  rates  will  be  computed  for  the 
Aalsuth  Servo: 

1.  Unmodified  Aalsuth  Servo  failure 
rata 

2.  Modified  Aalsuth  Servo  fellurc  rata 

5.  Actual  Aalmuth  Servo  failure  rata 

4.  Failure  rate  aaauming  ell  the  Acleutta 
Servoa  had  been  manufactured  aa 
modified  units 

The  operating  tisw  corrcapondlng  to  tha 
fallurea  on  the  modified  and  uncodlfled 
(Figure  111;  mite  respectively,  also  haal 
to  be  broken  into  two  groups.  After  March 
1,  1957.  all  production  Aaiouth  Servoa  be- 
ca-m  the  modified  An  analysla  of  the 

C.G.R.S.  delivery  graph  indicates  how  tha 
ti>«  was  apportioned.  Unmodified  unite 
have  been  repaired  at  a  rate  Indicated  by 
cu-ve  B  c..  thia  graph. 
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FIGURE  Ill 


Bjr  utaeolAtlnc  tfw  i(r«M  vndcr  tlw  eurv— 
ttM  coMlatlv*  «^ratti>(  tlaa  on  mmoilt- 
ftod  and  Bodlflod  oorvca  mopoetlvnly  lot 

Osaediflnd  Soraoo  -  SM  «€  total 
oparatias  tiaa 

‘  HodUlad  Sarroa  -  CLt  eC  total 
oparatiBft  tlaa 

lha  four  failura  rataa  tor  tba  Anlanttk 
Sarro  oara  ceaipiitad .  to  boj 
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FICOU  IV 


Plgura  V  ahowt  tha  diatrlbutlon  of  oodl- 
fled  and  unaodlflad  can  falluraa  vlth 
tloa. 


«  •  wuj^  f.tan  tM 


“xtm  raa  ft 


JPIGURE  V 

Flgura  VI  f  m  a  atore  datallcd  breakdoim  at 
ttia  cMitlcd  and  unoodlfled  can  Calburca. 
Note  the  longest  tl-ae  to  failure  on  un- 
lollfled  units  vsa  ISOO  hovrs  uhlle  on 
the  aodlfied  units  It  vea  2000  hotire  Indl- 
cetlng  a  gruvth  In  Tellebllity. 

Figure  711  ehovs  a  coiBjkcevent  failure  tlase 
coapsrieon  of  tlic  oiodlflcd  vereua  unoodt- 
tled  imlta. 

Several  ccmaente  asiat  l>a  uadc  regarding 
tho  failure  rate  date  In  Figure  VII,  Thcae 

apultcotl o-.ia.  Sena  of  tha  CX'a  operated 
Tnto  aln^le  repeater  loede  or  high  Im¬ 
pedance  CT'a.  Others  riere  operated  Into 
tour  repeatcra,  Tha  fear  ratios  and  cli>- 
cult  eppllcetloo  vlthln  the  Azlouth  Servo 


FIGURE  VX 
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FIGURE  Vlt 

affect  tha  aiechanleal  otrasaee,  notablv 
<w  tba  hall  bcarlnga. 

Since  conservative  asTloatea  oer«  oada 
whenever  neccssarf ,  va  have  a  high  coo* 
fideoca  that  tha  over-ell  KlhF  waa  not 
Icsa  than  that  Indicated,  It  suqr  ba  ccev- 
sldarablf  higher. 

An  arbitrary  conf  Idcr^e  of  901  haa  bcaaa 
placed  on  this  data  hy  our  departoast. 


J-A  REUAEILiTy  ANAl.TSIS 

The  J-4  Cewpass  System  incnrpnrates  aai 
Aslwith  Servo  as  part  of  tha  Servo  Aapll- 
fler.  This  aystem,  which  waa  designed  and 
manufactured  by  Kaarfott,  incorporates  two 
motors  and  four  synchros  within  tba  Axlautit 
Sarva, 

A  total  of  A200  J-4  Ailnuth  Sarvoa  hatva 
been  produced  by  Kearfott.  Early  la  1959, 
Kcarfott  field  engincera  visited  tba  fol¬ 
lowing  USAF  beaea  to  obtain  failure  data 
sn  the  J-4:  Tyndall  I  Suffolk  McGulra, 
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Asdiwa,  S«y«oar  Jelnaon  aad  TeanaatoMi 
Air  Vore«  Baa««.  Thl*  rarrax  ladicatad  m 
total  J>4  oparatlnK  tlaa  on  F-lOO,  r-lOl, 
F-103  and  r-104  aircraft  ct  B3,«M  hoora 
with  109  Sarvo  Aapllf lor  fallnran.  A 
J-A  Sarro  A«(illflar  MTSF  baaad  an  ttila 
data  naa  eonfmtod  to  ba  799  l^onin  or  a 
fallura  rata  of  1310  tallnraa/lOo  houra. 
Tba  Aalauth  Sarro  MISF  waa  049  bjora  or  a 
fallttra  rata  of  1184  fallnraa/loS  Itanra. 

Baeacaa  98%  of  tba  rapalr  vork  to  thla 
aarro  had  bean  dotxa  br  othar  cananlaa, 
ccnplota  Infomatlon  waa  not  avallabla  to 
Kaarfott.  Howavar,  accurata  data  record* 
ln8  tba  flald  rapalra  nada  bjr  Kaarfott 
wara  racorded.  It  waa  poaalbla  to  axtrap- 
olatc  rotarr  eonponent  tallora  rataa 
within  tha  Amlaith  Sarvo,  ualnc  tha  Sarvo 
Aopllflar  MTBF,  with  raaaonabla  confldanea. 
Tha  ccaipcment  {allura  rataa  abmo  in 
Flguro  Vlll  wara  darlvad  fron  thla  atudj. 
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FIGURE  VIXI 

It  la  algniflcont  to  nota  that  thare  wara 
no  naehanlcal  lalluraa  of  C*ar  tralna, 
ball  baarlnga,  etc.  la  thla  analpala. 


Figure  lx  graphicallf  Indlcatea  tha  J-4 
Aaloith  Servo  conponent  failure  rataa. 


FIGURE  IZ 


The  J-4  Axlauth  Servo  hea  a  hlzh  tewpera- 
turn  rlae  due  to  Ita  location  Inaida  tha 
cncloaed  J-4  Aapllfier.  Actual  tbemo- 
couple  recorded  te<ig>eratru-a  raadlnga 
indicate  a  43-degree  C  te«q>eratura  rlae 
between  external  aiii>lent  and  tha  J-4 


Aalauth  Servo  can  tenparatum.  Thla  tact 
ot  high  teaparatura  operation  nnat  ba  con* 
aldarad  In  analjnlng  tha  fallura  rataa. 


True  Haadlnz  (AJA-1)  Rallabllltv  Analyala 

The  True  Beading  Sjratan  waa  daolgnod  and 
nanufaeturad  by  Kaarfott  for  the  Boeing 
B-93  Kodal  K,  F  and  0  ''Stratotartraaa**. 

Tha  ayaten,  uaad  In  conjunction  with  tha 
M-l  Kavlgatlonal  Syatan,  conalata  of  thraa 
nodttlaat 

1.  Maatar  Indicator  Claaa  IX 
3.  True  Heading  Indicator 
3.  True  Heading  Coaputar  Aapllflar 

Itewa  1  and  2  and  tha  coaputar  part 
ct  Iteci  3  ara  hematlcallF  aaalad. 

Tha  actual  ayatea  and  nodula  reliability 
tlgurea  are  claaalflad  and  eonaequantly 
tha  analyala  detail  le  oolttad,  but  a 
partial  Hat  of  tha  eooponant  fallura 
rataa  can  ha  relaaaad. 

Tha  period  covered  by  the  anelyela  aw- 
tended  frou  January  1,  1958  through  J«ly 
1.  1959.  Tha  data  Inputa  ware  provided 
by  three  aeparate  aourcca.  Boeing  Airplane 
Coapany  auppllcd  tha  flight  tine.  UBI 
supplied  the  total  nuaber  of  failures. 
Kaarfott  analysed  tha  failures  after  re¬ 
pair  of  tha  hemetlcally  scaled  units. 

Since  tha  data  cans  froa  three  different 
reliability  organisations,  the  confidence 
level  of  the  resulting  eenponent  failum 
rataa  is  estlaated  to  ba  10%  lass  than 
that  for  tha  C.O.H.S. 

In  Figure  X.  tha  fallura  rataa  repraacat 
a  partial  list  of  tha  AJA-1  conponent  typaa 
and  applications  alnllar  to  tUusa  pra- 
vicusly  detailed  on  the  other  two  aystcoa. 


Differences  In  aevarlty  of  appllcatliin  ara 
nost  narked  for  tha  CT's  and  notor  geitai^ 
ator  1, 


COHCLUSIOWS 

Tc RS-901-1A  Control  Transforoer  (CT) 
Synchr  3  used  In  tha  sugnctlc  heading 
(Meg.  Hdg.)  loop  of  the  C.O.R.S.  and  the 
lucntical  unit  In  the  sane  loop  of  tha 


JI8 


j-4  sbov  rMMrkbbl*  eorr*X«tlem 


These  failure  rate*  for  the  sane  appllee- 
tlon  of  the  Kearfott  RS-901-1A  CT.  but  iu 
two  different  e^atema,  carrelete  wltbln 

i.a*. 

Circuit  application  and  aeverlty  of  opare- 
tlon  strongly  Influence  the  reliability 
of  an  electromechanical  cooponent.  For 
example,  two  motor  generators  of  the  aaaa 
type  (Re09-2B),  used  la  two  different 
servo  loops  of  the  AJA-1  system,  have 
widely  differing  MTBP's.  In  the  True 
Heading  loop  the  motor  generator  has  an 
KTBF  of  15,456  hours,  while  the  same  eom- 
pooent  In  the  Magnetic  Variation  loop  has 
an  HTBP  of  3,892.  The  reason  for  thla 
significant  difference  la  that  the  Mag¬ 
netic  Variation  loop  haa  a  higher  ambient 
temperature  (because  of  location),  a  btgbar 
generator  excitation  voltage  (115  volte  as 
coo^ared  to  26  volte),  a  higher  gear  ratio 
and  the  generator  excitation  la  keyed  to 
reduce  damping  and  provide  a  ’’fast  alesF* 
during  Initial  system  aet-up. 

Figure  ICl  Is  a  ausmary  of  synchro  KTHF’e 
used  In  the  three  systems  discussed  Im 
this  srtlcle.  The  units  are  Hated  In 
accordance  with  the  order  of  Increeslag 
KrBF’t.  It  should  be  noted  that  aoee  eg 
control  trar.smlttera  (CX)  with  the  hlgbast 
HTBF’s  were  used  In  circuits  where  ne 
loads  were  connected  to  the  atatore. 


With  good  rallablllty  field  date  ea  n  besla« 
Isa-plant  life  tosts  under  vertoua  degroee 
•C  tbarmel,  electrical  and  swebenleel 
atress  levela  have  bean  initiated  oa  all 
basic  Motor,  motor  gancrator  and  syaebre 
typas,  Tbe  results  of  thesa  teata  beve 
base  uaad,  along  vltb  flald  data,  to  detar- 
^SM  ’X”  factors.  A  ’X”  factor  la  a 
lleblllty  correctloa  cueftlclant  for 
verloue  envlronmanta,  aucb  aa  laboratory 
cemdltlcoa,  shipboard,  trailer  mounted, 
maimad  aircraft  and  sdsalla  appllcaticaa. 
la  tha  case  of  smnnsd  aircraft,  we  beve 
been  able  to  determine  specific  ’X”  factors 
for  particular  aircraft  types  and  brasfeb 
ef  aar<rlc:ea. 

Accurate  secondary  data,  aucb  as  described 
ia  thla  paper,  haa  enabled  Kaarfott  to 
predict  rellsMllty  In  new  aystesM  with 
startling  confidence. 

Careful  review  of  reliability  data  and  itm 
expeditious  feedback  to  tha  denlgnere  baa 
enabled  the  component  and  aystema  angl- 
acara  to  taka  prompt  remedial  action  to 
laprova  all  new  system  designs.  Thla  data 
is  also  used  as  the  basla  for  spare  parts 
provisioning  programs,  cost  redu.:tlcn  and 
product  Improvement  programs. 
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A  MBAAIRB  OF  RBUABRXrT  AND  WFORMATION  QDALITT  Of  REDDNOAirr  fTmMI 
Br-  Stanley  K  Romthal,  Bcrtert  Jall«,  and  Mordecal  O.  E«U 
Air  Armuoeat  DItUIoo,  Sfitrrj  Gyro«c(Ji>«  Compaagr 
DltrlalOB  of  Sparry  Raad  Corpontloa 
Great  Nadt,  New  York 


it  the  daeclopment  of  cnatiplea  military  alee- 
tMBtc  aqalpwait  it  In  neeeaaary  to  coaalder  the 
afiects  of  aeaay  Interacting  operational  and  dealga 
lactora.  For  both  the  overall  weapon  ayatem,  and 
lor  the  electronic  aubayatema  with  which  wa  ara 
conrarae^  eptlimtni  trade-offa  (or  each  laterde- 
peadeat  panmatere  aa  reliability,  weight,  acoa- 
racy,  maiatalaabUlty,  coat,  mlaaloo  time,  ar 
target  volnerabtUty  muat  te  determined.  Coiuiid' 
ered  IndlTktaally,  theae  parametera  do  not  ade* 
qoalely  deacrlba  the  operaltonal  arorth  of  equip- 
aeul  laeerporaUng  multiple  redunr'uiclea  and 
cperatlisc  modes.  Operational  worth  la  the  prob> 
abllUy  that  a  ayatem  will  achieve  eucceas  In  p'r* 
forming  Ua  required  (unctlona,  and  La  obvloualy  a 
prime  coaalderatlon  In  the  planning  and  aelectlon 
of  ayalema  tor  military  application. 

The  laadequacy  In  describing  operational 
worth  in  terma  of  Ita  lndivt<hial  parametera  waa 
CDCounlered  In  the  eynlhesla  of  an  optimum 
red  jtdaot  conllguratlon  (or  the  B-S8  bombing* 
narigrilaa  ayatem.  To  resolve  thla  dlfllcuUy, 
operational  worth  modeU  deacrlblng  the  Inter¬ 
action  between  parametera  were  developed  and 
wUUzcd  by  Sperry  Gyroscope  Company.  Ttieee 
techalqiiea  enabled  ^rry  to  design  this  bombing- 
aavlgatloa  ayatem  to  have  a  high  operational  worth 
and  an  inherent  mlssloa  reUablUty  In  excess  o(  93 
per  cent,  hi  thla  paper,  the  model  (or  *'aystea 
worth",  the  tsIer-acUon  between  reUabUity 
and  tetonnatloo  quality,  la  dlacuaaed. 

THE  B-3«  BOMBING-NAVIGATION  SYSTEM 

Tbe  B-3S  bombing- navigation  ayatem  la  a 
Doppter-atcllar-lnertlal  ayatem  which  provldea 
highly  accaratc  guidance  of  the  auperaonic  alr- 
erkft  to  Ita  target,  and  automatic  bombing. 
^ooUneoiia  determination  ot  such  parametera 
aa  aircraft  position  and  beadlnj,  groundapeed, 
Ueeiing,  grtmnd  track,  dlctance  to  deatinaUon, 
altltade,  attitude,  true  alrepeed,  wind  velocity, 
and  bonldag  data  Is  accomplished  through  the  use 
of  a  complex  combination  o(  tensors  and  elec- 
trontc-mecJianlcal  analog  coiu|xitera.  The  com¬ 
puter  receives  Input  data  from  the  sensors  which 
Inchtde  search  and  Doppler  radars  for  position 
and  velocity  mo  Itcrln ,,  Inertial  reference  units 
tor  velocity  and  attitude  determination,  a  celeallal 
tracker  tor  bteltar  nav.gatloa,  aa  well  aa  a  radio 
aUJmeter  and  a  magnetic  heading  reference.  The 
computer  equ.pment  performa  auch  diverae  (unc- 
Doha  aa  determination  of  aircraft  position,  great- 
circle  steering,  computation  of  bomb  balllsllcs 
data,  latitude  a^  longitude  Integration,  and  solu- 
tloa  of  the  radar  stghtlrg  problem.  Fl^re  I 
shows  the  '..aUllatlon  in  tbe  aircraft. 


Figure  >  la  a  pictorial  irpitsiwtatlna  of  tha 
complete  D-S8  bomblng-narigathMi  ayatem 
shewing  data  flow  between  asajor  components  c( 
thcavatem. 


By  their  nature,  complex  aywtema  have  a  low 
probability  cf  completing  a  mlaaloa  without  any 
malluncUone.  To  attem^  reliability  Impr-rre- 
ment  merely  by  rediclng  complexity  would 
sacrifice  much  of  the  potential  utility  of  the  equip¬ 
ment. 

High  reUablUty  *n  the  B-St  ayatem  la  achieved 
by  means  of  two  types  of  malfunction  protection. 
Redundant  or  muUlpurpoae  clrcnlta  a^  compo¬ 
nents  are  used  wherever  practlcad,  cooalatent 
with  the  requirement  of  minimum  weight  for  air¬ 
borne  equipment.  In  addlUoo,  alternate  methods 
of  operation  are  provided  so  that  successful  com¬ 
pletion  of  a  mission  may  be  acctBnpUat:d  in  any 
one  c(  several  different  system  operating  modes. 
Although  these  techniques  yield  subsUntlal  tm- 
prc.emenls  In  reUablUty  with  rclaUvely  little 
addiUonal  equipment,  their  use  generally  involves 
the  replacement  of  primary  clrcnlt  equipment 
with  sensing  and  computing  elcmenta  of  lesser 
accuracy. 

Exao.ples  of  tbe  types  of  redundancies  and 
alternate  operational  capabUlUes  which  have  been 
Incorporated  In  thla  system  arc: 

Redundant  replacements  for  - 

.  Primary  Inertial  alabilizatloa  ayatem, 

.  Stellar  computer  eiectronlca, 

.  Heading  circuit  electrowJca. 

Multi-purpose  rednndairt  replacements  (or- 

.  Relative  heading,  course  ang'e,  ground 
track,  true  heading,  aim-point  bearing, 
and  sighting  angle  servos  (a  single 
servo  malfunction  assembly  can  be 
switched  to  replace  aay  of  the  six 
■ervoa), 

.  Tlme-to-go,  altitude  above  sea  level, 
and  sighting  computers  (a  single  auxil¬ 
iary  computer  can  be  switched  to  re¬ 
place  any  one  of  the  three  computers). 

Alternate  capabilities  for  - 

.  Search  radar  posiHon  correction 
(Astro  tracker  poeUlon  fix), 

.  Astro-tracker  beading  delcrmlratloa 
(Inertial  or  magnetic  beading). 
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Doppler  radar  Telocity  referenea 
(Inertial  reloclty  or  airspeed  refereoce). 

Complementliw  these  major  rellahillty  proel- 
Is  a  complete  In-flight  aalfunctloa  tester 
for  automatic  checkout  of  the  system  to  determine 
whether  use  of  replacement  wptlpment  la  indl* 
cated.  ht  addition,  a  maUunctioo  control  panel 
m&blei  the  narlgalor  to  switch  to  alternate  sys¬ 
tem  modes  so  that  the  aircraft  can  complete  Us 


In  'die  tollowliv  sections  the  cor.ee, '  anei  JeO^ 
Ing  equations  for  system  worth  are  de .  ™ 

an  Ulustratlvs  eompolatlon  la  presented.  The  ac¬ 
curacies  and  rellabmiles  for  ihU  Uluetratloi.  are 
for  a  hypothetical  configuration  and  do  not  reflect 
the  actual  ronflgurallon  or  capability  of  the  B-58 
bombing -navigation  syetem. 

THE  COtlCEPT  OF  SYSTEM  WORTH 

In  order  to  optimize  the  trade-oU  between 
reliability  and  information  quality  for  a  fixed  de¬ 
sign  constraint,  such  as  total  system  cost  or 
weight,  an  Interaction  model  fer  system  worth  was 
developed.  System  woi^  la  defined  as  the  prob¬ 
ability  that  the  computed  output  of  a  system  with 
redundant  modes  wUl  be  within  a  specified  quality 
considering  all  possible  satisfactory  modes  of 
operation.  In  the  0-58  system,  the  mtasure  of 
Information  quality  la  taken  to  tw  the  accuracy 
with  which  naylgatlon  and  bombing  functions  ars 
performed. 

Ill  developing  a  mathematical  model  for  these 
satisfactory  modes  of  operation,  the  system  was 
dlrldsd  Into  functional  block.*  (Figure  3).  Each 
block  Is  a  portion  of  the  syetem  which  performs 
a  specific  function  but  does  not  Include  any  re¬ 
dundancy  or  other  malfunction  replacement.  Mal¬ 
function  mode  Initiation,  therefore,  constats  of 
switching  entire  functional  blocks  or  groups  of 
functional  blocks  Into  various  operating  configura¬ 
tions. 

The  probability  of  all  primary  equipment  op¬ 
erating  satisfactorily  from  take  off  to  bomb  re¬ 
lease  Is  defined  as  the  normal  mode  probability, 
and  is  expressed  as: 


where  R 


Rj.Rj.B,...  R,  (i; 

Rj,  Rn, - *  Rn  are  the  reliabilities 

of  the^dlvidual  functional  blocks  con¬ 
stituting  the  normal  mode. 


In  the  event  of  a  malfunction  affecting  normal 
mode  system  operation,  the  applicable  replace¬ 
ment  circuitry  Is  employed  and  the  mission  Is 
completed  In  an  off-normal  mode  configuration. 
The  ofl-normal  modes  of  operation  are  mutually 
exclusive;  ihetr  probabilities  of  occurrence  are 
computed  as  the  product  of  the  rellablUtlee  of  the 


tonetkrail  Uodu  consHtaHng  the  particular  ett- 
aormal  »*«*vf*  and  the  probability  of  the  occuraMa 
of  tha  fallnra  or  falluraa  daOslag  Ika  mode: 

-  ^  j  »S  -  « 


whera  (1  -  RJ  *  probability  of  the  k™  tonctiaaal 
^  block  falling  dtariag  tha  miaafo^ 

and  R^  >  relUfaUlty  cf  tha  replacemead 

circuitry  of  the  k^  block. 

Similarly,  the  probability  of  oceurrenea  of  « 
multiple  malfunction  mode  may  be  determlnou 
from: 


(1-R^)(l-Rj)— (l-R^R;Ri  — 


Figures  4  and  S  Ulustrata  Iheee  relatlooahlpa. 

Computational  accuracy  for  the  aystem  ta  ex¬ 
pressed  by  a  normal  blvarlale  dlstrl^tloo  and  la 
specified  In  tenna  of  a  circular  probable  error 
(C1*E)  for  each  syetem  mode.  Associated  with 
each  of  these  syetem  modes  are  computatlaoal 
errors  for  such  ayslem  lunclioos  as  dead  reckoa- 
ing,  radar  sighting,  and  bombing.  These  mode 
errors  are  obtained  by  an  appropriate  root-mean- 
square  (RMS)  statistical  combination  of  the  Inac¬ 
curacies  ol  the  Individual  components  utilised  la 
that  mode  cocllgorailon. 

Optimum  accuracy  for  the  system  Is  schlrved 
m  me  normal  mode  of  equipment  operation,  that 
Is,  with  all  equipment  operating  properly,  aa  well 
as  in  those  modes  utilizing  redundant  replacement 
circuitry  of  equivalent  accuracy.  Reduced  accu¬ 
racy,  resulting  In  larger  system  errors,  la  ax- 
perlcnced  In  (hoae  modes  where  alternate  eenalng 
and  computing  methods  of  lesser  accuracy  are 
employed. 

Conseqaently,  succeesful  completion  of  a 
mlealon  can  be  accompUnhed  either  with  normal 
accuracy.  In  the  rormal  or  reckindant  replacemeol 
modes,  or  with  degraded  accuracy  In  one  ot  the 
altemMe  capability  mode*. 

For  the  assumption  of  a  normal  bivariate  dis¬ 
tribution  uf  system  errors  centered  at  the  target 
with  equal  and  Independent  range  and  cross- range 
standard  deviations,  the  probabliUy  dlstrlbutloa 
of  Mie  system  experiencing  a  radial  error  p  Is: 

p(p).  '  c  ^  (4) 
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Circular  probaUa  error,  for  a  tMab  atrUM, 
la  defined  aa  the  radlua  of  a  circle,  cealerad^ 
about  the  dealred  target  polot.  which  haa  a  S0% 
probability  of  encotnpaaalng  the  acoial  burM 

point,  H  Pai  (/>  i  »■)  *•  ••  ®  *  *• 

then  the  inai^tude  of  CPB  radlua  In  tema  of 
ayatem  nna  error  in  range  or  croaa  range  irj  la: 


'CPBj 


(«) 


The  ayatem  rtna  radial  error  oai  ** 
aooare  root  of  the  avun  of  the  equarefc  of  the  rma 
arrora  In  range  and  eroaa  range  atlrlbutahU  to 
each  error  aourta: 
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Conaequently  the  accuracy  prohahUUy  1* 
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The  product  of  the  mode  eumulaUra-arror- 
dlatrlbutloo  function  and  Uo  reapecUra  mode 
occurrence  probabVllly  ylelda  a  cootliuioua  modt 
ayatem  worth  Increment; 


P^(psr)  -  P^  Paj 


(10) 


or 
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m  i*k  0M>da  oceammea  I 
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pM  of  thaaa  laeramaats  for  all 

tor/  aicdao  of  ayatem  ^ 

probability  of  deUrerlng  a  bomb  to  wlttla^ 
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P(Aar).^X^PK^|^l-  J 

In  tenna  of  CPB,  from  Bquattoa  •: 
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plotting  Equation  IS  ylelda  a  aaoootowVally 
Ineteaakvg  ayatem  worth  curve  of 
la  Figure  •.  The  ehape  of  the  eorvw  la  a  taocaaa 
of  the  accuraclea  of  the  Indlrldial 
and  thalr  teapecUve  probahUlUea  of^ 

The  auymptotf  la  Ihe  sum  of  the  mode 
probablllUas  for  all  aaUafactory  operating 
that  to,  the  probobUlty  of  completing  a  mla 
one  of  the  acceptable  ayatem  cooflgwraUQ^ 
probnbllUy  the  famlLtor  deflnlUoa  «f  ayatem 

MllaMlif*. 


(yYarall  ayatem  worth  to  affected  by  choa^ag 
either  reUahlUty  or  accuracy.  A  trada-^  be¬ 
tween  them  to  poeelhla  and,  becaoae  cf  tbw  wm- 
fllctlng  natnre,  generally  oeceaaary.  Itoilag 
ayatem  ayntlrfnla.  It  to  dcolraUe  to  devehm  ayw- 
tcm  worth  curvea  for  a  graphical  c«a»nrt»oem 
the  aUacta  of  different  ayatem  dealga  crttartm 
SatiafacUon  of  a  given  CPB  ayatem  ^eettlmm* 
requirement  can  bo  achieved  with  varhM  Uim 
btnatlona  of  mod*  reUabUlliea  and  their  raagoo- 
Uve  accuraclea,  aa  Uluatrated  la  FlgnraT. 

In  analyzing  the  performance  of  the  B-S* 
bomblng-navlgallon  ayatem,  probability  sqatotM 
for  over  live  hundred  of  the  moat  probable  opanh- 
Ing  modaa  have  been  programmed  for  UKIVAC 
computation.  Thua,  the  aUecU  oa  ayatem  woelh 
Aie  lo  ebangea  !a  functional  Woch  reUaMlKy  aa 
error  dtotrlbullmi  are  rapidly  and  accorataly 
tabled  (rotn  the  computer  lor  anglnaartag 
avahiatloQ. 
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EXAMPU  or  SY8Tm  WOPTB  APPUCATPM 

A*  aa  lUaatraUoa  of  tkt  appUcation  of  ajrsteta 
worth,  conalder  the  fotlowtaf  nampto.  ngniw  • 
is  a  fanctkMud  block  dUfraai  of  a  hypotbetleal, 
ireaUy  sijsplUted  bombiag  sratcm.  This  ayatem 
Incorporates  a  rothiiwtaiif  bombing  computer,  a 
beadb^  sensor,  and  nniUipla  seoslng  rtipahliuUs 
(or  measuring  posttlos  and  groundspeed.  Tks 
normal  mode  o(  ayaUm  operation  utlUscs  a  track* 
Ing  radar  (or  ground  position  (lalng,  a  star  tracker 
(or  beading  reference,  a  Doppler  radar  (or  gramd- 
speed  determlnallon,  aad  a  primary  bombing  com¬ 
puter  lor  generating  a  bomb-release  slgoaL  Fail¬ 
ure  of  any  normal  mode  functional  block  necesal- 
taten  svltchlng  to  a  different  o'f-normal  syatem 
configuration.  In  thla  example,  there  are  aerm 
possible  o((-r<ormal  modes  o(  successful  system 
operation,  aa  followa: 

Single  Malfunetlona 

.  TraekliHt  Radar  -  Position  Is  determined 
by  using  lbs  star  tracker  (or  a  celeatlal 
(lx. 

.  floppier  Groundapeed  Radar  -  Airapecd 
plus  wind  memory  U  used  (or  ground- 
speed  determination. 

.  Computet  •  An  Identical  redundant 
bombing  computer  la  srallable. 

Double  Malfunctions 

.  Tracking  Radar  and  Doppler  Cround- 
■peed  Radar. 

.  Tracking  Radar  and  Computer. 

.  IXtppIer  Croundspeed  Radar  and 
Computer. 

Triple  Half  unction 

.  Tracking  Radar,  Doppler  Croundspeed 
Radar,  and  Computer. 

TLe  redundant  bombing  computer  Is  assumed 
to  be  as  accurate  as  tbe  primary  compuler,  con¬ 
sequently,  there  Is  no  degradalkm  In  system  ac¬ 
curacy  In  tbe  computer  malfunction  mode.  The 
reliability  of  the  bombing  computer  subsystem 
can  therefore  be  taken  as  the  composite  probubil- 
lly  of  either  the  primary  computer  or  tbe  redun- 
d^t  computer  available  (or  uee: 

-  1  -  (1-R^)  (I-R*^)  (14) 

This  effecIWely  reduces  tbe  mimber  o(  off-nonnal 
modes  from  seven  to  throe  as  eboim  In  Table  Z, 
Associated  with  the  normal  mode  and  with  each  of 


the  three  oft-eormsl  modes  Uslsd  is  this  tsbula- 
tloa  Is  Ita  probsbUlty  of  occarreoes,  tbs  bombing 
accoracy  oi  Urn  ayatem  whea  operating  In  each 
cocitlgoratioo,  and  the  Incremental  as  well  aa  total 
system  worth  lor  various  error  radii.  Plgnm  • 
is  the  reswifast  system  worth  mure  (or  this 
AXUBpliU 

Consider  now  that  a  epecUled  weight  Increase 
is  allowed  lor  a  system  worth  Improvement.  This 
weigh!  allowaace  might  be  applied  to  the  ayatom 
in  several  waya.  Three  post IfailUlcs  and  tbelr 
effects  on  system  worth  will  be  evsluaied; 

1.  Improvement  of  the  reUablUty  of  s  fone- 
(Icnal  btock;  e.g.,  through  Internal  rechin- 
dancy,  the  tracking  radar  reliability  is 
improved  from  .75  to  .N. 

Z.  fewoiporallOB  o(  addlltcsial  alternate  nnode 
cspablUUes;  e.g.,  addition  of  a  Rux  valve 
aa  a  secondary  hcadbig  reference  and  a 
navlgatloo  satelllle  receptor  aa  a  tertiary 
posUlcn  (la  backup.  Tbe  resulting  slter- 
Mte  modes  are  ieon  accvralc  than  tbs 
normal  mode  (Figure  10). 

S.  Improvement  In  mode  accnraclesi  e.g., 
larger,  more  precise  components  are  used 
to  rrchice  errors  In  aenatng  and  computing. 

System  worth  resulla  (or  each  of  these  conflgura* 
ttons  are  shown  in  Tables  d,  m,  and  IV  respec¬ 
tively  and  arc  plotted  as  curves  II,  m,  and  IV  In 
Figure  II.  For  comparison,  the  system  worth 
curve  of  the  original  conllguratlon  la  also  In¬ 
cluded  la  this  graph  as  curve  L 

Tbe  Improvement  of  the  rellabUity  of  the 
tracking  radar  results  In  an  Increase  In  the  prob¬ 
ability  of  being  In  tbe  normal  mede  of  opcratloo. 
The  system  worth  le  Unproved  over  the  entire 
range  of  miss-distances,  with  the  largest  Im* 
provemeot  being  In  the  SO-unll  to  300-unU  miss- 
disunce  nwge. 

The  Incorpormtloo  of  additional  alternate  mode 
capabllUles  of  lesser  accuracies  than  the  primary 
modes  results  In  Improved  system  reliability  with 
little  improrement  In  system  worth  below  100  units 
of  mlss-dlslance.  For  greater  ralss-dlslsnces, 
the  probability  of  a  successful  bomb  delivery  (the 
system  vrorth)  Is  Increased  due  to  the  hlglier  com- 
puelle  relUbUlly  of  the  heading  reference  and 
poBlUoD-fUing  subsystems. 

The  Improvement  In  mode  accuracies  yields 
the  greatest  system  worth  benefits  (or  small 
miss-distances  with  no  Increase  whatsoever  Ut 
system  rellabUlly. 

Ihe  decision  of  which  of  these  Improvements 
should  be  Incorporated  In  the  ayslem  design  must 


Uwti  ta  eT*ta*»«l  oe  tb«  bwU 
parsinetera  *•  cort,  m*lnUUk*t4Uty, 

Itjr,  target  ♦alnerabUlly,  mUeUm  time,  and  »• 
ndhis  ol  deatnjctloB  of  the  warfcead. 

CONCLUSMI 

The  ayatem  worth  cooeept  la  an  eaactitU 
tool  la  the  aynibeala  and  analsrala  ol  ccaaplaa 
ayatema.  Aa  deacrlbed.  It  enablea  the  •y*lf« 
dealgner  to  evaluate  the  Incremental  beikedia  at¬ 
tributable  to  BpecUlc  ayalem  Improvemenia  la 
accuracy.  relUbUuy,  redundancy,  and  alieraala 


modacpttbu^. 

tem  dealaa,  the  accuracy  aaw  f*waat*j  _ „  ,  j. 

ta  the  ayatem  worth  aaalya^  ^ 

from  empirical  reUttcaiahlpa. 
empirical  data  can  later  be  aaade  lrw  field  data 
when  »he  ayatem  becomaa  epaanaM. 


Although  the  ayatem  worth 
oped  lor  the  ayntheaia  el  aa  ai 
configuration  lor  the  P~M  hca 
ayatem,  It  haa  ualveraal  apgl 
ayatem  where  alternate  pathi 
lormallon-handUng  capahUMy 
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af  dtffei-lng  In- 
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TABUil 


OPXRATIHO 

MODI 


NORMAl. 


TRACHNO 

RADAR 

MALFUNCnOIl 

S  DOPPLER 
S  GROUNDSPEED 
O  RADAR 
7  MALFUNCnOR 

u, 

o 

■RADARS 
I  MALFUNCTIONS 


SririM  IPORTH  ANALTn 
FOR  ORKINAL  PROTECTED  OOHnOURATIMI 


SYSTEM  WORTH  FOR  VARIOOS  RADR 
OP  ERROR  CIRiCLS  _ 


rMO  29  j  SO  I  100  I  250|  SOOjiSOO 


.014  I  .Oesl  .297  .902  1.990  .990  .930 


(l-RllRjRjRJ 


.000  .002  1.0001.028  1.113  .176 


n  I  1 .001  .000  .otoI.ooj  J.ooo  .000  l.ooo 


(l-RjKl-RjjRjRiR; 


mi 


000  .000  1 .001  1 .004  1 .017  .020  .030 


TOTAL  SYSTEM  WORTH 


.019  .003  .3I>0 1.997  .799  .031  |.839 


TABLE  n 

SYSTEM  WORTH  ANALYSIS 
FOR  IMPROVED  TRACKINC  RADAR  RELIABILrrr 


ACCURACY 
(UNITS  CP 

OPERATINC  HISS-DISrANCE) 


'CPEJ 


NORMAL 


SYSTEM  WORTH  FOR  VARIOUS  RADO 
OF  ERROR  CIRCLB 

P-PR,[»-«***®”*^'''^CPEi>*] 


flO  29  50  100  250  500  1900 


RlBjRjR)  ^  Qjj  jQ,  jjj  535  575  575  57, 


37.5 


OFF-NORMAL 


TABLE  m 


SYSTEM  WORTH  ANALTSB 

ADOmON  OF  FLUX  VALVE  AND  NAVKLATnN  SATELLITB  RECBFTOE 


OVERATINO 

MODE 

ACCURACY 
(UNITS  OP 
MBS-DISTANCB, 

'CPEj 

PRODABXLITT 
OP  BBINO 

IK  THE  MODE 
PR, 

SYSTEM  WORTH  FOR  VARKIUS  RADH 

OP  ERROR  CIRCLE  _ 

P.  Pr,  [i-a-<“***'/‘‘CPE  j)^ 

flO 

25 

50 

100 

250 

500 

•  500 

NORMAL 

SO 

R1R3R3R; 

-  .53$ 

.014 

.08$ 

.287 

.$03 

.$38 

.$3$ 

.53$ 

g 

1 

h, 

•m 

O 

TSACKDia 

BAOAR 

MALPONCnOM 

300 

(1-R|)R2R,R^ 

.  .178 

.000 

.003 

.006 

.038 

.118 

.176 

.17$ 

STAS 

TRACEEB 

MALFUNCTION 

ISO 

<1-R3)R^R]R3R} 

-  .084 

.000 

.003 

.007 

.034 

.081 

.084 

.084 

OOPPLKB 

RADAR 

MALFUNCTEMt 

*76 

(1-R3)R^R,R,R4 

-  .080 

.001 

.00$ 

.024 

.003 

.088 

.090 

.090 

1  OFF-NORMAL 

TRACEZNO 
BAOAR  A 

STAB 

TRACKER 

MALFUNCTIONS 

3M 

(I-RlMl-Bj) 

RjRiRjRj 

.037 

.000 

.000 

.000 

.003 

.013 

.035 

.03$ 

TRACKCNO 
RADAR  A 
DOPPLER 
RADAR 

UALFUNCnOHI 

33$ 

(l-RjHl-RjtRjRjRj 

•  .030 

.000 

.000 

.001 

.004 

.017 

.038 

.030 

STAB 

TRACKER  A 

DOPPLEB 

RADAR 

MALFUNCnOHJ 

ns 

(l-RjKl-R,) 

R^RjRlR^ 

.01$ 

.000 

.000 

.001 

.003 

.013 

.010 

.01$ 

TRACKINO 
RADAR  A 

STAR 

TRACKER  A 

DOPPLER 

RADAR 

MALFUNCnOHI 

373 

(l-Rjm-RjXl-Rj) 

RlR^RjR^ 

«  .004 

.000 

.000 

.000 

.000 

.001 

.003 

.003 

TOTAL  SYSTEM  WORTH 

.01s 

.095 

.306 

. 

.828 

.887 

.98$ 

.971 

"T 
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■UHKOUftTlOi 

Th*  oe^laxttj  o?  ■Dtera  (Irtena  •laetr*- 
■■(aatlA  ■■mllXaM  aad 

afwt»mi  raqnlraa  aa  lataaalav  tralnlat  pragna 
la  ordar  U>  aeblan  a  high  sitfar  at  aparatar 
proflclaDe7.  SeoiMla  aad  athar  rmnaliliiallaai 
praelvSa  tha  oparator  frea  attalalai  thla  |ar*- 
ricltDcj  laaal  h?  actaal  alaalaa  aiparlaaaa, 
Ibarafera,  aaa  anal  taa  aada  ef  alaalatar  daalaaa 
lhal  can  praaaot  alth  a  hlch  dagraa  of  laallai 
ttM  ceodltlona  that  tha  eparator  annM  aapartiaaa 
darlsf  aa  actual  aiaalna. 

Tha  oanal  abroach  to  thla  alnlatlaa 
problta  haa  baaa  by  tha  aaa  >f  digitally  eodad 
puncbad  papar  or  aagiiatla  tapa  prograa  tdUah 
proTldea  coaiand  Infornatlan  for  tha  totro- 
doctloa  and  raaotal  of  tha  alaaUatad  alaetr^ 
aatgnatle  airrlronoBOt  atlaalU  Tha  aaa  of 
taehnliina  haa  tha  dlaadtaataga  of  (1)  laqaLr- 
Ing  axta  naira  faclUtlaa  for  tha  praparlav  at 
tha  tapa  pregraaa,  (2)  dlfnealt  ta  ekaawa 
■laaloD  doTl^  a  progi  a—  il  m  alaeo  it 
naually  aaana  a  eo^ilatc  ahat  doaa  aai  tha 
onbatltotloo  aid  praparatlcn  af  a  naw  tapa  pro- 
gran,  (1)  aanally  not  poaalblc  ta  raa  aa  iata- 
gratad  training  nlaalon  with  other  that 

any  ba  aboanl  tha  mhlcla  la  qaaatloB,  (k)  tht« 
approach  Inarltably  raqolraa  tha  datala^ah  af 
a  co^lataly  dlffarant  almlatar  far  aaeh  apar- 
atlonal  ayataa  In  doaatlon  raanltlag  la  nara 
daralopaant  doUara  faalag  axpetded  ty  tha  trala- 
1j9(|  COWMJBldAn 

Thla  papar  tfiall  praaaot  a  aebaaa  far 
prorUlng  a  alaalator  that  la  aalaaraal  la 
natara  adthoat  baaing  lapotad  npoa  It  tha  ra- 
atrlctlooa  that  ara  notad  abcae.  It  proaldat 
a  mana  for  proaldlng  tha  alaetronagnatls  aa- 
alrooBtnt  froa  prograaBad  aaalgatlcHnl  data. 

It  la  adaptabXa  to  Intagratod  ayataa  oparatlaa 
and  it  can  ba  utUlaad  with  a  graatar  saBbar  af 
dlffcraot  raconoalaaaoca  and  alactraale  counUr* 
■aanraa  ayataaa  by  alppla  cxpodlancy  of  pro- 
Tldlsg  Bodalar  adaptara  to  ad^  to  tha  aarlaw 
Gonflgnratlona  thrraby  radacUg  tha  daaalopaai 
coat  considarabla  alnca  tha  baalc  aloalator  la 
baaad  opon  tha  actaal  gaographlc  location  of 
tha  alaetronagnatle  unrlraanaag. 

sxMiurna  prosux 

Tha  problan  la  hoaleaUy  ana  of  paorldipf 
Indleatlooi  of  a  datactod  aBalreanot  Obleh 
vlll  approach  In  roalian  tha  ordar  and  iiijaaiaia 
of  dataotloo  that  occora  dering  an  actual 
idBaloo.  The  negDltoda  and  dlatrlbotlao  af 
thaaa  Indlcationa  naat  ba  goaainad  by  all 
factor!  which  Innueoco  tha  air  aehlelaa  de¬ 
tection  ayataa.  Thaaa  faotora  Inalada  aeUaba 
aaloclty,  heading,  altltuda,  anlttar  power  and 
anlttar  antenna  coaaraga.  Tha  prloelpla  upan 
which  thla  alnnlator  la  baaad  la  to  dlalda  Un 


ama  of  air  aahlala  eparatlna  Into  a  oaiter 
gaoMphlo  quadrsata.  Cash  quadrant  will  baaa 
aaaognMl  to  It  tha  capability  of  pnaratlag  a 
oaahar  and  aarlaty  of  Indlcationa  counapunllag 
to  tha  typaa  of  At  aalttam  coutaliiad  la  that 
quadrant.  The  aathod  of  gaDaratloa  ef  thla 
alJBlatad  aaalropnant  aad  tba  daalga  eooaid- 
aratlona  nacaaaary  to  acfalaaa  raallaa  an  dla- 
euaaad  la  tba  foUonlBC  aaetlono, 

Sinea  reliability  hat  taaan  daaorlhad  aa  at 
laaaraa  fenetloa  of  coaplaxltr,  the  daalaaa 
and  clreolta  ntlllaad  to  iaplaaaat  thla 
tachnlqua  haaa  beta  aalactad  aohlaaa  a 
high  dagraa  of  raalln  idilla  aalatalnlog  a 
nlatianly  Ion  order  of  eo^laalty, 

cBscRiprioa  or  ns  siMoutTot 

A  fenctlonal  block  dlcgraa  of  tha  ayataa 
la  glauo  la  flgara  1.  Poaltlonal  data  Inpota 
defining  latltode  lod  longitude  my  ha  Introdaoad 
In  either  analog  or  digital  formt  alnca  a 
digital  to  analog  cocaartar  la  proaldad  In  ad¬ 
dition  to  tha  poaltlon  eynchroa.  Than  an  two 
position  aynchros,  one  for  letltoda  and  ona  for 
longltoda  Information.  Thaaa  ayncKroa  will 
control  tha  aalactor  eonaototor  aanoa  which 
in  tors  actlaata  tha  quadrant  nlaya. 

The  output  of  tha  aynchro  unit  proaldaa 
data  to  tha  two  operatlotul  grempa  of  tha  alm- 
lator.  Thaaa  groupa  am  the  dlnetlonal  coding 
aaetloa  and  tha  eoalronaant  actiaattig  group. 

toaironacBt  actlaatlon  la  accoiqjllabad  by 
tha  quedrant  Mlactloo  onit  vhloh  detarntnea 
tha  araaa  of  the  coalrotunDt  aalactloo  unit  to 
be  aoargliad.  Tha  quadrBj.t  aalactloo  anlt  coo- 
etatc  of  a  nlay  natrla  with  tha  rowa  daMnlag 
Incnmnta  of  latitude  and  tha  coleaoa  npra- 
aantlng  Incnnaota  of  loogltuda.  Connactlono 
to  a  quadrant  relay  ara  nada  ooly  at  tJioaa 
Intaraactloos  wbara  a  known  alaetronagnatle 
onTlroanaot  axlata.  Tha  comutator  aagnanta 
an  arranged  to  enarglM  flea  latltnda  and  fin 
loogltoda  llnaa  of  tha  natrlji,  Tha  partlcolar 
group  of  nlaya  Bileb  la  aetleated  program  tha 
output  of  the  cOTlronnant  aaleetloo  unit, 

Tha  ronctloD  of  tha  other  aactlon,  tha 
dlraotlonal  coding  aaotlen,  la  to  proetta  tbo 
ootput  of  tha  aynchro  unit  and  genarata  a 
binary  daaerlptlon  ef  dtrrctlnn  relatlke  to  tha 
air  eehlela.  Tha  dlractloo  and  rata  of  ahaft 
rotation  of  the  eynchroa  la  aensed  by  tha  dlf- 
ferantlal  heading  encoder.  Thla  nalt  aakea  a 
coiqnrisoo  of  tha  direction  and  rata  of  ohanga 
of  tha  analog  output  of  tha  position  eynchroa. 

*  binary  daaerlptlon  of  haidlug  la  ganaratad 
which  la  used  In  the  directional  logic  unit  to 
Intarprat  the  Indleldnal  quadrant  dlractloo 


'9l  .  . 


eod«f  ralatlw  to  Uw  air  rthtola  haa«Ug.  At 
oatpni  froB  Urn  dlnetleoal  Iccte  n— lata  af 
a  foor  bit  bloaiy  word  ahloh  dariaaa  Ite  bIjb- 
latad  aaittar'a  poaltlac  ralatlw  ta  tfea  air 
aahlcla  haadlat« 

Tba  aaalroaMiat  aalaetla  aalt  (flc.  2) 
eoatalM  a  hlfh  pocar  aerlrccaaat  aaetar  aetial- 
ty  saltcb  aaaoclatad  altb  aaeh  of  a  poaatbla  2$ 
qoadraot  ralaya  ahlcb  aajr  ba  activate  la  tba 
ralar  Mtrlx.  Tba  qaadrant  ralara  datandaa 
idi'.eh  Jaral  of  tha  awlteb  la  ta  ba  aaartlaad. 

At  aOA  laral/  aa  aany  aa  taa  polota  mif  ba 
aoarglaad.  Ihaaa  pelota  an  alrad  dlnetlp  ta 
tba  patch  board  and  an  aaad  to  cata  al—la 
rapnaaDtloc  dotactad  aalttan  to  Uw  ayaAaa 
praaaotatlae.  Is  addltloa,  Ua  aadlaa  paaar 
aactor  actlrlij  awltcbaa  and  ooa  svltcb  for  da- 
tanlsatioa  of  tha  low  pouar  aaittar  aarlrw 
■ent  an  provldad.  Tba  laaal  aalaetlaaa  an 
aada  bjr  tba  qaadraot  nla7*« 

Tha  patch  board  and  tha  apaelal  pamartan 
nnlt  eoDteot  la  Tarlabla.  Tha  patch  board  wlrlBi 
and  tha  cratpot  al^nal  charactarlatlca  of  tha 
apaelal  poraaatar  nolt  an  daUnalnad  bp  tha  n* 
qulrananta  of  tha  ayatan  otllltlnc  tha  slaalator. 
Tha  Inputa  ra<»oir«l  In  order  to  aatia  tba  sysUa 
displays  fanctlco  nallstleally  c*nanlly  Miy  be 
grocpad  Into  thrao  eliaalflcatlona. 

1.  Digital  word  deaerlblec  tha  charactarlatlca 

of  dotactad  aaittar. 

2.  Datactad  aldaa  WBaafora  and  aaaoelatad 

toalysar  ootpota. 


oparatloaal  araa  la  dlrldsd  late  undnatt 
which  dafiaa  flaad  IsersaMOts  ->f  latlMa  aa< 
laafltada.  This  saiabllited  a  qaadrsal  grid 
and  aaeh  qaadnot  la  anlqaaly  Idaotlflad  with 
tha  RT  aalttara  pnnnt  la  a  partlsalar  (a« 
agnphia  aaator.  Aotlwa  qaadraat  grawp  aalaatlaa 
la  dataihlaed  hp  tha  air  rahlcls  poalliaai,  A 
floar  rata  mt  aaeliiiiaawt  ehaaga  maf  ha  aohlawad 
by  aalag  a  ■altlpla  eoiaaitator  with  tha  aagwaat 
giowpa  eat  af  phaaa.  la  tha  nglaa  star  tha 
pole,  each  qaadnnt  nlap  la  coaoaotad  to  atnral 
toi«ltada  lima. 

The  aaittar  eeatast  of  aaeh  gaadnati  baa 
hata  dlwldsd  IMo  thns  elaaalflcatlooa  with 
tha  napset  ta  powar  lawsl.  A  aailMia  dstactlan 
rasgs  for  ooeh  qaadnst  typo  has  haaa  dotoralaod. 
Thaao  rastoa  wora  datorwla^  tp  aolvlag  tha 
boacoB  oqoatlsa  ajdsg  typical  power  lerels.  afw 
teasa  gains  asd  a  ardorato  racolear  aoatltlTltp. 
Tho  dotostloo  capability  ta  eeoaldarably  bayoad 
tha  llsi  of  alght  rasga  of  contaotloml  radars 
eeen  whsa  thw  air  rehlcla  la  a  a  rarlwna  sl- 
tltoda  whan  tbs  list  of  sight  la  gnatsst. 

Taking  thaoa  factors  Into  eonsldaratloa,  tha  dia> 
tribotlos  of  radars  Into  powar  levol  catagerlaa 
will  bo  wado  wstng  rongo  aa  a  crltarla.  for  par> 
peaao  of  this  paper,  eosaldar  radars  hawing  a 
powar  lawsl  copabla  if  schlawlng  a  rasga  la 
accsss  of  100  nautical  alias  to  ba  lacloded  la 
the  high  powr  qaadraat.  The  nadloa  power  qaad- 
raat  will  laclwda  all  aalttara  hawing  raagaa 
greater  than  TO  naotlcal  allaa  and  all  elactro- 
aagoatlc  ealaalon  aad  dlatarbaacea  hawing  a 
laaaar  rang#  will  ba  laelalad  la  tha  lower  power 
quadrant. 


).  ladleatlens  to  display  and  aaaarlatad 
apaelal  thnat  algaals. 

A  nuaber  of  pre-progi  anal  patch  boards 
and  ipeelal  paranatar  imlti  an  snod  ta  folfill 
tht  dlffenat  systan  nqolraaanta.  Plgan  1 
lllustrataa  a  patch  board  pregrifd  ta  gate  a 
video  algoal  to  tha  ayataa  dlspl^.  Tht  aot  af 
thle  patch  board  to  dlatrlbuta  on  lapot  olgnal 
froa.  tht  aOTlroDnat  aalactxoe  aolt  aod  gats 
video  tignala  to  the  warloua  ayataa  lapwt  chan* 
nela  la  ahowi  in  Flgora  li.  la  this  Initaari . 
tha  tpeelal  paranrter  unit  la  a  wUao  giaarator 
which  will  wopply  the  nqnlrad  wanfOra  caadd* 
natloDf  of  rcprwneotatlwo  pulet  width  awd  pwlat 
rapatltlon  ratao  to  tha  patch  board  fbr 
dlatrlbutlon. 

muon  coNsnKRATiogs  aw)  5iets«  capaboitk: 

Tho  prlatry  operator  outpot  of  aoat  raco^ 
nalaeacct  and  coontararaaura  oyatwM  la  a  rlsoal 
preaentatlon  which  Indlcataa  the  atatas,  ectlwlty 
and  nodes  of  operation  of  the  systaa.  Sparator 
decltlona  an  baaed  on  tha  Intalll^oec  pro- 
sarted  by  thle  display.  Tha  problaa  of  alM> 
latlon  Inrorles  tha  realistic  praseotatlaa  af 
data  at  thla  dlaplay. 

In  order  to  oeercooe  the  dlaadwacdagaa  n- 
ferred  to  preTloosljr  In  the  Introductloa  ao 
alactronlc  aapploc  technique  will  be  aaad.  The- 


Tht  datactloo  rtngo  of  tba  air  wahlnla  n* 
caiwara  can  ha  aaeh  gnatar  than  tha  radar 
rar«aa  dlscossed  thaws,  hoeawer  for  dlscosaloo 
purposes,  tbs  fallowing  dataetlon  criteria  will 
bt  uasdi 


Quadrant 

Nedlua  Poenr 
low  Power 


Dsteetten  Renas 
Lins  of  sight' o'^ra. 
120  naotlcal  odles 
250  nautical  nllaa 
90  naotlcal  alias 


Tbs  naptw  are  not  band  on  tbs  aoat 
cptlnai  ncopttoB  condlttaeia. 


Ao  suable  of  quadrant  greap  solactloD  la 
show  In  Flgwn  5b.  Thla  rcpreaacts  a  aactlos 
of  tha  posltloei  natrla.  All  latltudo-locigltuda 
Interoaetlom  In  tha  natrlr  do  not  have  an  as> 
aociatad  quadrant  relay,  Qnadraot  nlaya  an 
located  only  in  ants  than  ao  alactronagntlc 
anwironaent  aalsta.  Tha  petition  of  tha  eo»> 
wutators  will  nulact  groupa  of  quadrant  nlaya 
by  anarglslng  fire  latitude  llnaa  aod  five 
loogltuda  Ujks.  Plguru  5a  llluatrataa  tha  da> 
grae  of  octluatlon  of  tha  quadrant  power  lawala. 
Tha  air  wahlela  la  operating  In  quidnst  1  and 
aaaoclatad  qaadruta  an  abowa.  Only  the 
high  power  awlcctloo  contacta  of  the  ontar  ring 
of  quMdrant  ralapa  ore  anargiied  aod  ttc  adddla 
ring  of  nlcps  will  hnn  tha  high  aod  ledlac 
powr  contacts  ciwrgltcd.  Quedrant  1  will  hiwa 
tha  salactloo  emtaett  for  all  three  power  lanls 


332 


•MrctM^'  TO*  ranaatiOM  for  qoiidroii* 

rolar  1  or*  abOM  ia  rignio  2.  Tlw  peoltloa  of 
thi  coMoUtor  allov*  all  thra*  aaUotloa  eoa* 
taeta  to  ba  anarf^aad.  Tfaaaa  oootaota  tliaa  da- 
iaradaa  tha  poaltloo  of  ooa  Rlgh  Powr  acalroa- 
aaot  aaotor  aotlrlty  avlteh,  ooa  IMlao  P^wr 
oBvlnnaDt  aalteh  and  ooa  low  Pooar  aorlroo- 
vat  awttoh  pealtioo.  Thla  aalaotloa  will  oatl- 
Tata  a  noaiMr  eoa-adrod  peliita  oo  tha  patok 
boaid.  Sljdlar  aalaotiona  will  ba  wada  fey  aaah 
of  tta  othar  2b  qoadrant  ralgya. 

Tarlatlona  la  altltoda  will  affoet  tfea  ai- 
taot  and  dlatrlbotlOD  of  thi  air  vahlda  anrlrao* 
Mot.  To  achlara  a  raallatlo  ehanca  la  aorlroo- 
ant  with  ehancaa  la  altltoda,  aa  altltoda  Tarl- 
atlon  alaetor  avlteh  will  ba  oaad.  Tha  porpoaa 
of  thla  avlteh  wlU  ba  to  eoDtrol  tha  powar  dla- 
trlhottoo  to  tha  aaotor  aetlrlty  awltefaaa. 

Plfora  6  llluatrataa  tha  clrcolt  eoiwitetloea  for 
tha  altltoda  laval  aalactor  awltoh.  Ulth  aaoh 
-Kanga  lo  laaol  tha  dlodaa  althar  block  or 
aiwrglaa  a  now  vafar  of  tha  aoalroaaaat  aalactlow 
awltehea.  tiaDBlm  a  tan  vafar  avlteh,  apprazl* 
Mtaly  2$  to  JO  loTlronaant  mdoctloo  otapa  will 
ha  avallabla  with  ehafiga  la  altitude.  To  aahlaaw 
•  K7ET  cootlouooa  Taplatloo  of  a aril  nroant  with 
altltula,  tveatj  or  ton  laaola  way  ba  oaad  oa 
tha  altltoda  avlteh. 

Tta  efroct  of  aataana  directional  eharaetar- 
Ittlea  open  tha  aetlrlty  praeaotatloa  oust  ba 
tthaa  Into  account.  Hot  only  air  aahlela  eo» 
oidlaataa,  bat  tha  aalaoth  of  approaoh  aa  mU 
aa  apontanaoua  awauaTort  will  altar  thla  pra- 
oaotatloo  vhan  al*nal  atranyth  la  dopaodaot  opoa 
dlroetloaal  erltarla.  If  tha  foragoln*  affaeta 
are  to  ba  aehloead,  two  permaatara  woat  be  eoo- 
tlnoooaly  arallabla  within  tha  alMslator  ayataw, 
Thaaa  am  l)  air  rohlela  haadloe,  2)  toar- 
ls(  of  tha  awtttar  la  (tosatlon. 

Since  It  haa  bean  hypothaalaad  that  qratcw 
operation  shall  ba  a  functioo  of  tba  coordlnatw 
analoga  only,  both  of  thaaa  paraoatara  net  bo 
obtained  on  tha  baala  of  raw  oaTlgatlooal  data 
as  proaantad  by  other  eubayataw  slnolators. 
for  pnrpoaea  of  dlscoenlon.  It  will  ba  asauasd 
that  thaaa  analogs  taka  tha  fora  of  coordinate 
ahaft  posUlona,  although  olactrlcal  analog  or 
digital  data  form  could  Juat  as  aaally  ba  pro* 
otasad  through  the  use  of  an  Intarwadlata 
eonrsrter. 

aiR  TBRiciK  mAsna 

Tha  directions  of  adaanca  of  both  tha  a 
(longltoda)  and  y  (latltade)  coordinata  riiafta 
ara  aensad  by  a  dlffarsntlal  heading  encoder. 
Haehanleiaiy  coupled  dlffarantlal  onlta  (sea 
fig.  7e)  are  uoed  to  swrvM  tha  sign  of  each  eo- 
ordlmte  darlratlra  by  asans  of  slip  ring  eoo- 
Ucta.  This  establishes  heading  to  within  a 
qosdraxrt  since  each  derlastlre  pair  defines  a 
tan  bit  coda  aa  followsi 


«>o,  7>oa  11 
a  >0,  j<  Cl  TO 
i<0.  i>0a  01 
1<0,  y<  Oa  «) 

nsadlat  la  farther  dafload  (to  wlthla  W’  of 
utUaith}  by  atlHalag  tha  additive  aad  woh- 
traetlas  oatpats  af  tbsas  dlffaranUala  as  tto 
aoarca  of  a  third  bdt  of  Inforwwtloa.  If  a 
and  y  are  of  opposita  olgn  (ssoopd  aad  fowrth 
rjnwlfwnta),  tha  addltlea  ootpot  la  aaad,  idwro- 
as  If  thay  an  of  the  oaaa  sign  (first  oiad 
third  duwlraiita),  the  aabtraetlra  owtpwt  la 
woad.  TIa  aalm  of  C  la  dstanalisd  aa  feUewai 

^B^raot  oodas  01  ar  lOi 
aey>0,  e«l 
«*j<0,  C«D 

quadrant  codas  00  or  lie 
>->>0,  C«1 

£.^<0.  0*0 

Tho  nsaltlec  thrao  bit  eodo  dafiiaa  ooa  of 
sight  posslhla  hosdlag  aoctors  aa  Indleatad 

In  rig*  TV. 

Sines  owly  tha  slgm  and  ralatlaw  mgnl* 
twlaa  of  the  q^raenro  eaaq»aaota  of  asloelty 
are  oeedad,  tha  cocrdlnaU  analog  rotationa 
aaay  ba  augswntad  by  anas  eonstoat  factor  to 
Irvrora  raaolatloo.  (toltlpllestlon  of  this 
type  (aaoh  as  nay  bo  Inplansntad  ty  aasna  of 
transfer  gearing)  will  tani  to  aatablinh  a 
daflnlto  aenea  for  althar  rowponent  sawn  thoagh 
rarlatiOM  In  latltada  and  longitude  nay  ocenr 
vary  slowly. 

All  of  tha  fenctlsm  daacrlbad  la  tha 
tvrtgolj^  paragraphs  coaid  of  coarse  be  sc* 
comllahsd  by  analogom  alaetroale  drewltry. 

Tha  mthod  dlacasord  is  Intended  to  ba  taJeao 
as  a  first  approach  to  tha  problaa  of  generating 
haollog  Inforastloo  nelaly  oo  the  basin  of 
slowly  aarylng  aoTlgatlaasl  data. 

BEARW  or  KKirm 

In  order  to  prorldo  dotallcd  dlrootlooal 
Infomatloai  on  oacb  radar  a  directional  coda 
will  ba  Inelndad  with  ascb  radar  indication. 

An  eaaapls  of  the  coda  application  ia  aftovo  Is 
flgurs  8.  Tbs  thrao  Mt  cods  gronpo  will  ba 
Injected  no  each  of  tha  latltnda  and  longitude 
lliwa.  Tho  eoadilnotloa  ••f  tha  two  soda  groups 
will  fora  a  ala  bit  coda  describing  thn  relatlTS 
position  of  tha  quodrsot  with  raapect  to  tha 
qoadrant  ecDtalslog  tha  air  eshlcle.  The  flaw 
segaents  of  oach  of  tha  two  coaautators  shona 
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xn  Mfiir*  2  wlU  trsaaidt  tb*  eixto  (ro«|i«.  « 

fert-lur  liit«rprit«tloo  of  th*  eodo  mrds  alU 
fa*  tmif  tbty  oro  comlotad  to  Uit  olr 
fohlol*  ha^li«.  Th*  roralUnt  ovtpat  vlll  b* 
a  four  bit  biliary  daaerlpt^oe  ralatlaf  •  radar 
aoureo  to  tha  dlraotloo  of  dataetlea  rulatiiu 
to  tha  air  Tablela  haadlaf. 

n£t  or  (uaoB  wreawB  oifce 

»D  alUmatt  approach  to  Uia  qaadraot 
aalaellon  aathod,  acd  one  atileh  wm'jd  ba  ca* 
paelally  aulbed  to  tha  prauantatloo  of  alSMl 
paraaatara  Ixi  a  dlj^tal  fonaata  wrald  lirvolva 
tha  osa  of  raalatlaa  aaahaa  ind  alaetroolc 
avltchlD(.  Ondar  thla  aethod  air  vchiela  co* 
opdlnataa  at  any  Inatant  daflna  tha  ori^la  of 
a  runga  coordlnata  ayataa  aoch  that  the  aalaetlaa 
of  eaographlcal  araaa  It  coaplaU  ly  dapandeid 
upoo  tU  Bltaloa  rxlght  Mth.  7arlatlooa  la  • 
llna-of-aight  ra  «a  and  aulttar  poaar  ralatlaa 
to  a  {l<rao  araa  arc  f  plaaaotad  at  followas 

laauuliig  ooea  aiora  that  air  rahlela 
poaitior  la  obtaload  froa  axj  axtcmal  Indc pendant 
tourca  Id  the  fora  of  analog  ahaft  rotatlonoi 
tha  Inatantaneoua  latitude  and  longitoda  nay  ba 
rapraaaatcd  by  tha  output  paira  of  tmi  coord*oata 
dlstributora,  aai-h  of  uhleh  protlda  flaa  ruaga 
laaala  (6aa  fig.  9a).  Tha  hlghatt  laaal, 
daaicnated  aa  3K,  dcflnta  tha  laadlata  locaa 
of  tha  air  vehlela  to  ulthlo  one  degrea  of 
aarUtlOD,  l.e.  elthar  »  or  y,  uhlla  adjaeaai 
poliita  racalca  laaala  of  21  and  K  reapaeti»»ly» 
Whan  both  coordlnata  euntrlbutlona  ara  nmtd. 

It  nay  ba  aaen  that  tha  thraa  hlghant  ordara  of 
ranga  laaal  era  6(,  Sg  and  Uk.  Thstt  a  poloi 
raealalng  a  laaal  of  6X  la  dealgnatad  aa  balng 
within  tha  flrot  doaiulo  of  tha  air  achlela  (or 
at  a  nlnliaua  range  aalw)  ahlla  tha  leatla  9g 
and  LK  dcrina  tha  oecotd  and  third  doaalns 
raapactlaaly.  Tha  range  loci  around  a  point 
corraapondlng  to  thia  ordar  am  ahoiai  In  fig. 

9b. 

It  la  ealdant  frou  tha  flgu.-e  that  thaaa 
loci  aa  obtained  on  tha  baalt  of  mctangular 
coordlnataa  dariata  conaldarably  frun  tha  Ideal 
circle  locos  of  coontant  range.  Hoa^aar.  only 
the  mat  alaMntary  salactlons  of  ruega  IcTala 
haae  ao  far  taao  suggaatad.  Addlllonul  ca»> 
blnatlons  raaultli^  frou  an  locmaaa  io  tha 
nuntar  of  lavala  gonaratad  will  tend  to  l^roca 
the  ahapa  conaldsrubly. 

Tranalator  gate  circi  Itry  nay  ha  used  to 
oanaa  tha  range  Infomatlon  that  baa  bean 
astabllahad  and  than  coobina  it  with  a  ipuntl- 
xatlon  of  cBlttar  power  to  detarulne  tlia  final 
pmaentatlon  of  a  glren  ruder  to  the  alnulctad 
activity  dlaplay.  »  alngla  gate  unit  imj  dealg- 
ruta  aeveral  radara  of  any  glvan  type  at  dif¬ 
ferent  locations  provided  that  they  am  separated 
by  at  laaat  thme  units  in  each  coordinate.  For 
an  explarijtloo  of  thla  behavior  refer  to  the 
clixclt  of  fig.  9c, 


During  bbe  *00^  or  Hturutad  ceodliles, 
tba  gute  will  both  signify  tba  pruasaaa  of  aa 
cadMor  of  pmdotcrvilnad  oharuotarlatisa  and 
■til  puaa  codad  Infomatlon  danerlblng  tbaan 
cbaractoilnilea  to  the  proeaaalng  caDbara. 
Satarutloa  la  datemlnad  as  tba  aaa  affbnt  of 
SBlttar  powar  Irgaadanoae  in  tba  baea  elroult 
aat  tbs  rang#  lavols  appaarlng  at  tba  baaa  Inputs. 

Sasnas  that  tbs  critical  satoratleo  onrrsat 
for  a  glvan  eollaotor  load  In  I^.  Than  a  glvun 
enltter  at  ,  y.)  will  go  to  tha  •on*  stats 

when  tha  coaitribotloo  vf  rang*  Ireala  frea 
So  and  yo  establlah  a  enrmot  1.  threugb 
tba  baaa  lapadaneat.  Tha  axpraialodU  for  1  and 
I]  arai 

!•  lx  a  Ty 

P  «  *1  "  g 

If.  for  oaai^la.  an  onlttar  of  eharaotarlntln 
pamt  3^  la  to  be  eoeouiiterod  at  (sj  ,  j^), 

I  la  gleao  bf> 

1-  I*  ♦  ?y  _  r.  a  0)1 
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than  tba  condition  on  range  Itcus  let 
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I  Idem  Ip  •  HI, 


The  fomgolng  oxaapla  Uleatratea  thn 
genctul  approach  to  defining  the  criteria  f>r 
algrial  raeaptloa  aubjaet  to  mavrlettona  lJg>vasd 
by  geographical  aaparation  and  aalttar  povnr. 
an  lanedlatc  objection  to  thla  type  of  aechant- 
uatloo  would  of  coorae  Its  In  the  fact  that  dlf* 
fereot  translator  gataa  will  exhibit  varying 
aeonltlvltlaa  bacaoae  of  varlatiorw  In  B  and  I^o. 
KoweTer,  It  ahoold  ba  borne  In  wind  that,  due  to 
the  natsm  of  the  problsa,  exact  threshold  leacln 
aeod  not  be  a  prlao  mqolrenent  when,  Is  fact,  a 
gradual  tranaltlon  frou  tha  cutoff  to  on  rondlMon 
actually  tenlB  to  approach  mal  datactloo  faa- 
bavior  svan  nom  oloaaly. 


The  slnulator  la  eoapoaad  of  three  typaa 
of  functional  asaenbllea,  directional,  environ- 
aant  oelectlon  and  Input-output  aodulea.  Tha 
dlmetlonal  and  anvlrotwent  selection  aasaabllan 
roeastltutv  the  basic  alJuilator  and  contain  lx>- 
foruatloo  on  the  distribution.  Intensity  and 
bearing  of  all  aources  of  Rf  euisaloD  within  tha 
operational  ama  of  the  detection  systau.  The 
coablnatloo  of  tha  baalc  alxnilator  and  aalaetad 
lapit-output  units  maolaa  the  unit  to  bo 
adapted  to  a  large  variety  of  aysteua  which  ra- 
<|Blved  a  alwlated  environwnt. 
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rtM  «nl7  Up*  n>v4rad  U  tka  poaliUa  a 
thi  TkhloU.  ThU  Up*  mtr  U  a«rli«d  fr«« 
th*  n^W  tlA-Utor  U  loucniua  traliui 
opratloa  or  trtm  •  aUaloa  P*^®***'**^ • 
•DTiroeaoiit  pnoraUd  *111  provldo  a  doUllad 
ani  raaUalU  praaaaUftUa  at  Ua  ar*aB  dU- 
pUy.  TU  proatetattoa  *aaf  ba  aids  a  rtiaetlta 
of  hoadiiv  aod  iltltada.  Varlatlaaa  U  iha 
•oTlrooMnt  are  aada  by  rbanrtm  pabeh-boaida. 
Taet  prograaa  aa^  bo  aaoO  idilcb  will  oaablo  tba 
alJBilator  to  chock  oat  oltbor  ItaolT  or  tba 
Tldoo-dlxltal  oactloaa  of  tho  datoctUa  ^atoi. 
lahoroBt  odoaotapa  of  the  toohnlqia  Inclado; 

a.  tnrirowot  opdatUg  attci^H*od  pteh- 
board  Mdineatlaa. 

b.  lo  rootrletlooo  oo  adoalM  ckaapa. 

e.  Patchboard  aty  ba  chaapd  to  OftoblUb  a 
now  oparatUg  aioa. 

d.  PoaUloaal  daU  la  tba  ooly  Upat  raplrad 
for  Utacrstod  oparatUa. 

a,  ProrlaloB  U  aada  for  ebaapa  of  coaidUaU 

ayataa, 

a  alailatar  of  thU  aatoro  U  aoaaidtat 
aralogotia  to  ajdoUr  aataaatle  ctaackeat  apip> 
Milt  aloe#  it  la  coigcet,  easily  aodiflad  aod 
reqolros  no  Xarp  axpaodlt'jiaa  of  daralopaart 
tiaa  aod  oooay. 
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THE  DEVELOPVtENT  OT  A  DYNAMIC  TARGET  AND  COUNTERMEASURES  SIMULATOR. 
By;  Mr.  R.  U.  Nortoe,  MEWD,  U.  S.  Army  Sign*!  MlaaU*  Support  Agancy 


Th«  •icp#ii»«  iavoWad  ia  tr4lain|  radtropara* 
tor  a  to  copa  with  raids  InvoWIng  huadrcda  of  air* 
craft  has  led  to  tha  davalopmsfil  of  various  (a  rgat 
aimulatora. 

As  tht  stata>o(«ihs-art  in  electronic  countar* 
measures  (CCId)  improved,  it  became  apparent 
that  ECM  simulation  was  also  necessary  to  train 
radar  operators  under  the  conditions  that  would 
prevail  when  aircraft  would  be  radiating  thousands 
of  watts  of  Jamming  power.  Most  of  the  simulators 
developed  used  IF  or  video  Injection  of  target  sig* 
oals  in  the  eimulator  and  did  not  provide  tht  real* 
ism  desired  or  allow  the  radar  operator  to  exer* 
cise  electronic  counter*counlermeasurcs  (ECCM) 
techniques  elfectivsiy. 

The  problem  then  became  one  of  realistic 
simulation  ol  both  target  and  jamming  signals. 
Field  experience  at  White  Sands  Missils  Range 
(WSMR)  had  demonstrated  thai  simulation  could  be 
accomplished  most  effectively  at  the  RF  level. 
This  finding,  by  WSMR  engineers,  led  to  the  design 
and  development  of  the  Oynanrtic  Target  and 
Countermeasures  Simulator. 

About  two  years  ago  a  group  of  engineer s  and 
technicians  at  the  Signal  Missile  Suppe-rt  Agency 
L^ooratory  at  WSMR  started  development  of  this 
simulator.  The  original  model  was  considerably 
different  from  the  present  developrr^ental  model 
since  it  was  breadboarded  from  spare  parts  of  sal* 
vaged  radar  acts  and  standard  RF  test  equipment. 

Operation  wae  accomplished  by  receivingthe 
transmitted  pulse  from  the  radar,  time  delaying 
the  pulse  to  simulate  range,  mixing  it  with  an 
appropriate  jamming  signal,  and  transmitting  the 
target  and  jamming  signal  backto  the  radar.  Tests 
were  conducted  on  a  selected  group  of  radar  opera* 
tors  and  the  excellent  results  obtained  indicated 
that  further  development  wae  warranted* 

After  this  technique  was  proven  in  the  field  by 
the  Sign^'  Missils  Support  Agency,  it  was  tvirned 
over  toCilfillao  Brothers.  Inc.,  Los  Angeles,  Call* 
fornia,  for  further  development  and,  finally,  the 
fabrication  of  a  mobile  aimulalor  unit.  The  present 
simulator  is  iostalled  in  a  standard  M*i09  van 
which  is  a  12  by  7.S  foot  inclosurc  mounted  on  a 
2  1/2  ton  truck  chassis.  The  equipment  provides 
for  operation  with  L*,  S*,  and  X*band  radars. 

As  a  training  device,  the  simulator  provides 
realistic  target  information  in  an  ECM  environ* 
ment  to  such  a  degree  that  the  radar  system 
operators  cannot  distinguish  any  difference  be* 
tween  a  real  or  simulated  target.  Comparison  of 
operator  proficiency  can  also  be  made  by  pro* 
gramming  the  same  simulated  aircraft  course  for 
different  operators.  In  addition  toilsusefor  train* 
tng,  it  also  may  be  used  asa  radar  system  check* 
out  device*  Signal  saturation  level  can  be  deter* 
mined  and  the  use  of  ECCM  techniques,  such  as 
regulating  RF  gain  and  video,  contra  st,  brightness, 
persistence,  and  luminescence,  can  be  checked. 


CeWCRAL  DESCRIFTIOH 

The  complete  simulator  coasiete  of  acoalrei 
ceaeoie,  PPlmcaitor  scope,  computer,  RF  aaeeei^ 
bliee,  power  euppliee,  and  such  mieer  eubaaeoae* 
blics  and  couplings  as  are  required  tocesuecttfbo 
equipment  into  the  radar  system.  Figure  1  abovo 
pari  of  this  equipment.  The  PPl  monitor  ecogNs* 
located  above  the  control  console,  permite  tRo 
eimulator  operator  to  monitor  the operatteoef  the 
radar  L.*band  and  S*band  PPl  scopes#  Simelofor 
video  mey  also  be  observed* 


Figure  I.  Control  Console* 


Basically,  the  simulator  i  s  used  io  coojuoctioB 
with  a  fround*based  acquisition  radar  and  targsd 
track  radar.  The  acquisition  radar  is  supplied  with 
a  Simulated  target  and  jamming  informalioo 
through  a  directional  coupler  at  the  antenna.  This 
allows  the  radar  to  operate  normally,  and  since  the 
antenna  is  revolving,  ground  clutter  and  acteal 
me  ng  targets  will  be  seen  on  the  PPl  scope  vrUd 
tbs  simulated  target  added* 

The  target  track  radar  receives  Its  simoladed 
data  through  a  horn  antenna  mounted  on  the  radar 
systems  RF  test  mast.  When  the  simulated  target 
is  designated  by  the  acquisition  operator, the lar* 
get  t  rack  antenna  slews  to  this  bcecoo  on  the  test 
mast.  The  target  track  antenna  will  **lock  on**  te 
this  beacon.  Error  voltages  which  provide  Cor 
apparent  motion  of  the  antenna  are  then  supplied  by 
the  simulator.  In  addition,  circuitry  is  proridedle 
cause  the  target  track  radar  aiimuihand  elevatioe 
indicator  dials  to  continuously  register  the  correct 
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•lin«lat*4  target  petition.  Oparatora  will  track 
aermally  aod  b«  aware  that  the  aMMaaia  fixed 
ia  aelmiatli  aad  elevation.  During  actual  operaticae* 
tka  acquieltioa  radar  operator  electronically 
deeigoatec  any  target  on  kie  scope  and  It  wlU  be 
traneferred  aotomatically  to  the  target  track 
radar.  Therefore,  the  operator  may  designate 
either  a  real  or  the  simulated  targeted  it  will  be 
transferred  to  the  target  track  radar.  11  the  real 
target  la  deeignated,  logic  circuitry  in  the  elmu- 
lator  diecoaaecte  the  aimula:or  from  the  target 
track  radar  which  allows  the  aata&na  to  elcw  to  the 
real  target  and  track  normally. 

U  either  a  simulated  or  a  real  target  ie  Irene* 
ferred,  the  time  from  target  designation  by  the 
acquieiUoD  operator  to  the  time  of  target  acquici* 
lion  by  the  target  track  radar  operator  can  he 
measured  for  various  operators  tu  determine  their 
proficiency. 


TABLE  1 

Target  and  Jantming  Source  Parameters 


Speed 
Altitude 
Asimuth 
Turn  Rate 
Maximum  Range 
Heading 

Jamming  Source  Power 
Target  Radar  Cross  Section 


O-ilSOO  knots 
O-iOO.OOO  ft 
0*hi00  mils 
0*6  dcg/scc 
ISO  NM 
0*360  deg 
1  - 100  w/mc 
O.l-lOO 


T.rg.t  scintillation  and  range  attenuatloo 
fl/R^  tor  the  jamming  source  signal  and  1  /R^  for 
the  target  signal)  is  also  provided.  It  is  to  be  noted 
mat  only  one  target  and  one  jamming  source  Is 
provided  in  this  develoi^mcntal  model.  Both  the 
target  aod  Jamming  signal  are  Independently 
*'nysble**  in  heading,  range,  altitude,  and  speed. 
The  sinaulator  operator  merely  sets  any  initial 
courses  desired  and  then  programs  these  within 
the  parameters  already  mentioned.  Although  one 
target  and  one  jamming  source  Is  provided,  the 
addition  of  any  number  of  simulated  targets  and 
Jamming  sources  is  possible  with  very  little 
increase  in  space  requirements. 


CONTROL  CONSOLE  OPERATION 

• 

The  control  consols  (Figure  1 )  has  controls 
with  which  the  operator  can  set  in  the  initial  and 
night  conditions  of  the  target  and  jammer.  Initial 
conditions  consist  of  the  initial  aalmuth.  altitude, 
and  ground  range  of  the  target  and  jammer. 
Flight  conditions  arc  speed,  turn  rate. and  heading 
of  the  target  and  jammer.  Target  area  and  Jammer 
power  controls  are  also  proMded.  As  a  further  aid 
to  the  simulator  operator,  dial  Indicators  on  the 
computer  units,  immediately  above  the  control 
console,  display  the  present  range,  elevation,  asl* 
mutb*  and  heading  of  both  the  target  and  jammer. 


The  PPl  mobStor  scope,  ao  prevloosly  osplalaad, 
allows  ths  simulator  operator  to  monitor  the 
acqulsltlofi  radar  PPl  scopes  as  well  as  simulator 
video  information. 


COMPUTER  OPERATION 


The  computers  for  the  target  and  jamming 
•ource  data  generaiioe  are  identical;  therefore^ 
the  target  computer  wlU  be  explained  ae  a  matter 
of  convenience.  Tbs  computer  is  a  combined  static 
and  dynamic  ceordioate*data  generator  and  the 
function  of  each  section  is  outlined  in  Figure  2. 
Initial  cenditione  are  set  into  the  course  generator 
wheo  the  simulator  operator  positions  the  appro* 
priate  control  knobs  at  the  control  console.  Initial 
ground  range  (Rg)  setting,  for  example,  provides 
atkxlog  voltages  proportional  to  the  starting  poel* 
tion  of  the  target  in  ground  range.  These  reference 
voltages  arc  applied  to  ths  input  of  a  ■ine*cosioo 
potentiometer.  Selection  of  the  initial  target  aal'' 
tnuth  then  positions  this  potentiometer  by  means  of 
a  eervu  mechanism.  The  output  of  the  potentl* 
cmeter  becomes  Sin  6  and  R.  Cos  0  or,  as 
shown  in  Figure  2,  XXfn  and  Ytm).  the  initial 
rectangular  coordinates  of  the  target.  Ln  the  static 
mode,  at  any  selected  altitude,  the  simulated  target 
can  be  initially  located  at  a  euiisble  range  off 
scope,  and  programmed  to  *‘fly**  Into  the  field  of 
view  from  any  desired  location. 


Flight  conditions  which  include  target  speed, 
heading,  and  turn  rate  are  then  eel  into  the  com* 
puter  (Figure  2).  A  similar  sine>coslne  potentla 
ometer  arrangement  is  used  with  the  speed  control 
provtdlr  g  analog  voltages  as  inputs  whichare  pro* 
porUooal  to  target  speed.  Target  heading  and  turn 
rale  then  positionsthe  potentiometer  shaft  tl\rough 
a  servo  mechanism.  The  output  is  the  X  and  Y  rats 
information. 

When  the  simulator  operator  positions  ths 
Target  Status  Switch  al ''fly,*' Xx(l^nd  Yxilj  (ini¬ 
tial  position  of  the  target  information),  and  X  and  V 
(the  rale  information)  are  integrated.  Rectangular 
coordinate  data  indicating  the  present  position  of 
the  target.  Xj  and  tj  .  is  obtained. 
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TV*  talnalV  r«ioWcr  ••ction  coiiw«rt«  th* 
CMr4inat«*  of  the  tArgot  into  polar 
coor^natoii,  fV—  bolog  tho  prcicnt  ground  rang* 
<Rg>  aad  tko  target  aeitnutJi  (0).  Target  amlmuth  ie 
ropreecBtog  Vf  ^e  ehaft  poeition  of  the  potent!* 
ometer  aa4,  ••  esplained  later,  ia  ueed  in  aeimutV 
gatia^g  el  CVe  acgeieltion  radar  target  and  Jamming 
■Ignaia 

Praaa^  ground  range  (R.l  ie  supplied  to  tVe 
elae  atioa  raoelrer  aection  ae* shown  in  Figure  2. 
This  ieinriatimi,  along  with  initial  altitude  data, 
set  into  the  re^puter,  provides  the  polar  eocrdi* 
oate,  el  set  range  and  the  angle  of  clcvatioo  of 
the  target  Slant  range  in  the  form  of  a  DC 
analog  voltage  ie  thee  supplied  to  the  precielon 
rango  entu 


OPSRATIOti  or  iLANCE  UNIT 

The  precision  range  unit  makes  u«e  of  the 
hicacham  oyetem,  which  utilisss  a  quadrature 
phase  shift  capacitor,  to  provide  ajuter^free  pulse 
delay  genetatar.  Trigger  pulse  (preknock)  ie 
obtained  fmw  the  radar  system  and  supplied  to  a 
timing  wave  generator  and  a  delay  gate  generator. 
Range  delay  in  relation  to  the  preknock  ie  then 
obiaiaed,  Vaned  on  the  target  or  jammer  slant 
range  iuinf  sUen  from  the  computer.  Puleea 
representing  the  proper  range  delay  are  trans* 
mined  thmngh  coaxial  cables  to  the  appropriate 
SLF  eigaal  generator  in  the  RF  assemblies. 


OPEfLATIOWOr  RF  ASSEMBLIES 

trt  %~4  »s^  X'band  RF  assemblies  have  been 
provided  widi  this  equipment.  Since  the  L*-  andS* 
band  assBsehtias  are  similar  inoperation,  only  the 
and  X-hend  eaits  will  be  discussed. 

Figare  3  mustrates  the  method  used  tn  pro- 
vidiAg  RF  target  and  Jamming  information.  A  con> 
sidcrable  nesnber  of  ''off-the-shelf '*  items  have 
been  used  ie  labricaUng  this  simulator,  including 
13  traveling-wave-tube  (TWT)  amplifiers.  Here, 
the  TWT  aespliltcrs  arc  cascaded  in  both  thetar* 
get  chains.  Initially,  the  range  pulse 

from  the  precision  range  unit  triggers  the  S-band 
signal  gesKralor  to  produce  the  RF  target  signal 
which  is  fhre  amplified  by  TWT  Number  )  and 
TWT  Number  2.  Both  of  these  TWT 's  are  modula¬ 
ted  by  operstienal  amplifiers  (OA  in  Figure  3)  with 
inputs  froM  ae  appropriate  network.  The  input 
provides  for  free  space  attenuation  of  the  target 
signal,  ra4ar  target  cross  sectional  area  control 
(0.1  to  100  square  meters),  target  scintillation^ 
and  aatceBM  pattern  simulation.  Target  range  is 
attenuated  swv«rsely  with  the  square  of  the  range 
by  TWT  IbMSbcr  1  and  (he  output  again  similarly 
attenuated  by  TWT  Number  2,  The  target  signal, 
provided  as  mpot  to  TWT  Number  5  hat,  the  refore, 
been  attcetofted  inveraely  to  the  fourth  power  of  the 
simulated  target  range;  TWT  Number  S  provides 
sigoaJ  ansptilication  to  compensate  fo:  attenuation 
iA  tbe  cfAwial  cable  to  the  acquisition  antenna. 

The  jeisenef  chain  in  Figure  3  uses  direct 
internal  wesse  amplification  of  TWT  Number  )  to 
produce  b«>oadband  “while**  noise.  One  hundred 


watts  per  mefscycle  Jamming  power  cam  be 
obtained  at  a  simulated  rang*  of  three  nautical 
mllce.  Here  again,  ae  in  tbe  target  chain,  variable* 
euch  ae  Jamming  psrwer  (1-100  w^mc),  antenna 
pattern  effects,  aed  1/R^  attenuation  for  th* Jam¬ 
mer  range  are  emamed  and  applied  aemodulatioa 
control  for  TWT  Number  4.  The  particular  tech¬ 
nique  of  aetenaa  pattern  reproduction  provldea 
realistic  jamming  presentation  on  the  radar  PFl 
acopea  ae  the  Jamming  power  may  enter  the  aide 
aed  bach  lohee  mi  tbe  entmnae. 


The  RF  assembly  for  the  target  track  radar 
is  slagblly  different  from  the  acquisition  radar 
arrangements,  as  shown  in  Figure  4.  As  previously 
pointed  out,  the  simulated  target  and  jammer  sig¬ 
nals  art  (ransmitied  from  a  fixed  beacon.  Antenna 
pattern  simulation  is  not  necessary  since  the  RF 
signals  are  transmitted  through  space  to  the  actual 
antenna.  During  operation  with  range  pulse  from 
the  computer  triggers  a  signal  generator  to  pro¬ 
duce  the  RF  signal  which  then  passes  through  a 
ferrite  modulator  In  provide  target  ecintiUatla«« 
Space  attenuation  is  obtained  by  the  use  of  two 
variable  wavegnide  attcDuators.  The  waveguide 
attenuators  are  positioned  by  a  control  motor 
which  is  operated  by  an  amplified  voltage  inversely 
proportional  to  (be  square  of  the  ranj^e,  thereby 
automatically  setting  each  attenuator  to  provide 
1/R^  attenuatioe.  Proper  targetor  jamming  source 
signal  attenuation  is  then  secured  by  passing  the 
signals  through  owe  or  both  attenuators  as  appro¬ 
priate.  Jammer  chain  operation,  it  will  be  noted, 
is  similar  to  that  employed  with  the  acquisition 
radar. 

As  a  point  of  intererr.  the  1/R^  voltage 
utilized  for  .■■Ml  attenuation  effects  is  obtained 
by  supplying  the  computed  target  or  jamming 
source  slant  range  voltage  to  a  diode  function 
generator.  The  output  of  this  function  generator  is 
proportional  to  1/R^  and  is  one  input  to  tha  TWT 
driver  amplifiers. 

Target  area  and  scintillation  is  provided 
through  the  use  of  a  Rayleigh  noise  generator.  Tbe 
noise  generator  receives  its  input  from  the  target 
area  control  located  on  the  control  console.  This 
control  allows  the  simulator  operator  to  select 
any  cross  scctiowal  area  from  0.1  to  100  square 
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to  r*pr««entm  specific  mi»«tt9#TaircraJLi 
Tibe  filtered  output  else  provides  tWtei^etecIfltil* 
iMloo  ellscts.  Hers  mgsiii«  tlie  ootpul  Is  mood  te 
opsrete  tbs  TWT  driver  smpaiiimrs  IBS'  TVT 
modolstiom. 


Figure  4. 

fLF  Assembly.  Tsrgct  TrAch  Rsdsr. 

ANTENNA  PATTERN  GENERATOR 

The  entenns  pAttern  generster  fFigmre  S| 
developed  for  use  with  this  simulstor  provides 
realistic  reproduction  of  the  antenna  pmtteres  of 
the  L*  and  S^band  radar  antennas.  A  variable  area 
photographic  film  is  mads  of  the  actual  aateuaa 
pattern.  The  film  is  then  inserted  iti  the  gemerator 
unit  and  rotated  in  synchronism  with  ibe  acquisi* 
tion  antenna.  The  main  lobe  on  tbc  film  Is  offset  am 
amount  equal  to  the  simulated  target  or  >ammer 
asimuth.  A  light  source,  projected  tbroegh  ibis 
routing  film*  activates  a  photocell  to  produce  a 
voltage  inversely  proportional  to  Ibe  aniemaapat^ 
tern.  The  amplified  output  is  used  todrivea  TVT 
chain  in  the  RF  assembly.  Excellesd  resmlle  bavo 
been  obtained  using  this  device  eiace,  as Jsmmlag 
power  is  increased,  the  jsmming  signal  will  emCer 
the  side  and  back  lobs.s  realisUcaUp* 

Input  information  for  the  pattern  gene  rater  te 
obtained  from  the  rcsoWer  sweep  clrcmlC  of  tbe 
radar  and  from  the  simulator  computer.  Angular 
data  relative  to  the  acquisition  antenna  rotatieoie 
necessary  if  target  information  is  to  be  presented 
at  the  proper  azimuth  oo  the  radar  PPl  scope. 
Thie  data  is  obtained  from  the  radar  reoolver 
sweep  circuit  in  such  a  manner  that  iKc  antenma 
pattern  geocrator  ehaft  will  rotate  in  syeebromiess 
vntb  the  acquisition  antenna  aaimutb  ecam. 

A  mechanical  differential  ie  drlveu  at  the 
same  rate  of  rotation  as  the  acquteiUoa  a«l««Mza 
and  the  differential  output  shaft  Ibeu  drives  tbc 
antenna  pattern  generator.  Film  ie  thereby  posl* 
tinned  so  that  the  simulated  target  stgual  will 
appear  in  proper  orientatioo. 


FUTURE  DEVE1.0PMENT 

This  present  developmental  model  Is  now 
undergoing  test  and  evaluation  by  the  Army.  The 
outcome  j(  these  tests  will  determine  tbe  futav« 
atilisation  and  refinement  of  tbie  equipsnent.  la 


designing  thie  unit,  cabinet  space  was  allewedfor 
future  expansion  which  may  idclade  tbe  additioa 
ad  chaff  generation  equipment  and  aa  iacreaaad 
numbsr  of  simulated  tar  gste  and  Jamming  eourcae. 
Tbio  could  be  the  next  step  in  tbo  development  od 
tbia  simulator. 

By  slight  modification  of  the  coolrol  console, 
magnetic  taped  courses,  in  the  form  of  etandard 
operator  electronic  countermeasures  tests. could 
be  programmed  and  radar  operator  response 
recorded.  Standard  ecoringonacompacativsbasia 
could  be  initiated  to  determine  operator  prO" 
ficiency. 

During  the  design  and  development  of  thie 
simulator,  every  effort  has  been  exerted  to  make 
target  simulation  and  the  Jamming  environment 
realistic.  With  the  sUte>of-the-art  in  counter¬ 
measures  progressing  at  such  a  rapid  rate, 
modern  radar  target  simulators  must  be  ds signed 
to  allow  the  radar  operator  complete  use  of  all 
electronic  counter -countermeasures  tschniques 
available  to  him.  Further,  when  tbe  operator 
applies  a  specific  countermeasures  technique,  the 
results  obtained  must  be  exactly  the  same  as  those 
obtained  with  actual  targets  in  «  similar  counter¬ 
measures  environment. 

By  providing  realistic  target  and  counter¬ 
measures  simulation,  radar  operators  can  be 
trained  effectively  on  a  round-the-clock  basis, 
with  a  considerable  saving  in  manpower  and  money 
when  compared  to  tbe  cost  of  actual  aircraft 
training  missions. 


'•  • 


CILUTUL  n 
tt  Qmtai* 


A.  nmDODcnai 

••for«  tb*  tvraotiM  af  lUlay'i  1> 

1731,  lltcl*  progrMa  M  bna  mmi*  la  *aU«lal 
aa/ltatlaa.  Htcb  Cha  pobltcatlea  at  tlw  pclnp 
(Ipla  of  tba  lataxcapt  MtlMi  of  Marof.  St. 

■tlalra  la  1673.  tha  ptactlca  of  calaatUl  aav- 
Igatloa  ba^aa  ta  taha  Ita  piaaaat  abapa.  Maaaeaa 
durlM  tba  paat  aavaacp-flaa  yaaia,  li^itri^ 
cbeugb  thap  ara,  tboaU  ba  ragc^Aa*  aata  ae  a 

Ti*. - of  tachBiyua  racbar  tbaa  aaa  futli- 

aantal  pileclplaa. 

Carl;  aavliatora  waro  traltkaS  bp  tha  ~app- 
raatlcaiblp”  aatboS.  Tbla  aathoA  pnaal  ta  ba 
a  aactar  of  chanca  rattiar  thaa  a  aatboA  of  aa- 
lectten,  aloca  tha  cholea  of  aa  appraattaa  vaa 
uaualip  late  to  tha  "maatar".  taco  ebrma. 
tbera  followad  paara  of  traval  aod  ctalataft.  Iba 
loatruetloa  aaa  of  aa  Individual  aacuia  aaS  la 
aanycaaat  parpaluated  tba  arrora  of  apaelfla 
Idoaa  of  cba  aaatar  uodar  which  ona  aervad.  In 
addition,  If  Boat  of  aa  apprcntlcaahlp  waa  apaad 
la  a  particular  geographical  araa,dlf flcal^ 
waa  later  anco'jntered  In  ocher  global  araaa 
due  to  tha  Inexact  kncwladga  of  tha  ralatloaablp 
of  Cht  different  polnta  on  tha  earth* a  aeataca 
to  Che  celaattal  aphara. 

tha  advent  of  aircraft.  World  War  11,  and 
the  developnenC  of  certain  tppei  of  nlaallea  haa 
accelerated  the  need  for  trained  nawlgatora. 
therefore,  the  requlranenc  for  aavlgacianal 
training  devlcea. 

The  concept  of  training  dcvlcea  la  no*  new, 
aa  the  hlatory  of  the  ett  IndUataa.  Early 
davleet  eontlaccd  of  auch  individual  tCcoa  aa 
tha  amlllary  aphara,  the  aatrolaba,  and  tha 
terrel.  Thcaa  Itou  were  uaad  In  tba  training 
of  narlnera,  aod  pre-date  the  quadrant,  aaxtant, 
and  coetiaat  by  nany  yeara.  They  were,  of  courta, 
Che  objecta  ueed  In  "individual"  training  prog- 
rana  and  did  little  to  cut  down  the  actual  tine 
required  Co  train  a  navigator.  Our  nneC  nodam 
training  devlcea  ara  dealgned  for  Individual 
and/or  group  training  In  tha  ihorCcaC  posalbla 
tleia,  under  elnulalcd  coodlclona. 

Just  prior  Co  World  war  II  It  hccana  ewldant 
that  Individual  training  for  chouannda  of  navl- 
gacora  waa  lefoealble  due  to  lack  of  planeo  nod 
pilots,  but  of  equal  liporcanco  was  the  ixorbleot 
coat  even  If  they  vara  xvatlablo.  Ikirlng  the  war 
a  aerlaa  of  celcaclaL  tralocr''  was  developed  for 
the  tlavy  beginning  with  Device  lA.  la  1338  the 
final  alnulator  of  this  claaa  was  built  and 
designated  aa  the  l.MBA.  This  devlea  eonalntad 
of  an  eighteen  foot  celestial  dowe,  a  atudenC 
obacrvatlnn  atntlcn,  an  inatrurcor  contole, 
ccntalnlng  the  conpuccr  and  controls,  and  3 
atudenC  booths  with  their  respective  DX  losers 
nenca.  The  doe<  contained  12  colllnalcd  nnvlgal- 
lonal  acers  and  uas  nounted  on  globola  Co  perwlt 
notion  In  Ivo  directions,  and  tflch  Che  capability 
of  polar  navigation  over  the  North  Pole.  This 
series  of  trainers  waa  housed  in  o  bultdlog 


TiaMdllat  *  taalllor  far«  otrwctnm  44  foot  blglk 
a^  21  foot  wtdo,  wall  koowa  aa  a  alia.  (rig.  2) 

Tba  ale  farca  radaatgasd  tbla  calaatlat  daaa 
cIwM  af  tralaaa  and  balgsacad  It  oa  tba  D-X 
<  rifi.  1  ) 


tw  caIcmUI  4mm  of  th«  &-2  It  foot  to  4to» 
neccr  vltli  focllltltt  for  flv«  ttudoott  to  cako 
•iKilttooovo  tlilitt.  TTm  tlshtint  wtt  tceoa^ 
lioM  vltk  tho  ^rltcoplc  texuot  tfarovsh  o 
oai^wt  Ofllcol  tyttcMa  tconomlco  hat  lLjUto4 
^nduettoo  CO  on*  to  order  to  obtato  tha 

To^tred  aoc«rac7p  the  itructuret  la  ^leh  tha 
daw  txpe  tratnert  art  hooted  require  conttaad 
toi^TtCoro  aod  howldlty  coatrol.  The  thlftlof 
of  chit  o^olToaotp  due  CO  re*locatloo  of  trtloiof 
crMtndi  ym»  U^raotlcala 

E.  nAlVUK  UKfOlUMXm 

Let  o«  oow  eootlder  tha  requlrcaeatt  of  a  oodara 
celettlal  oavltatloo  irtlner.  For  wnlw  utility 
the  daricc  ahould  yrovldt  tor  group  (clatt-roa«) 
or  iadlvtdoal  training  in  celettlal  aod  dead 
reckoalat  aarlgatloo.  It  tbould  be  capable  of 
coorrio^  the  dortbern  and  Southero  haii^h«roa» 
iacludtng  tha  Folar  rcglenta  In  effect^  tba 
trainer  thoold  tiaultto  the  oavlgatlonal  cotid* 
Ittoaa  preomted  by  vodern  hlgh-tpaad  aircraft* 
ubcrc  cba  oavigacor  la  required  to  derive  flight 
data  Croo  celettlal  obaervatlona  aod  dead  rechf 
Inc  laatnanta  anywhere  on  earth* 

The  tralMt  ahould  be  dealgned  to  teach  tha 
uac  of  the  operational  aexcanc  and  aky  eo^aaa  la 
dertvtag  aua  aod  atar  inforoaclon*  Dead  reckoning 
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mtdk  ••  bcrMOle  alUM*,  rate 
alUtoda,  haadiat.  ftaa  air  M^aratara,  al* 

ami  tima  ateiM  ka  ta  Um  stte 

aata  ao  tbat  aa  accarata  lat  aa«4  flac  a£  tka 
<U«ht  patk  cam  ba.kap^  te^.Uaaal  tea  Mak 
aa  *la4  faTaaatara  amt  grate  kpte  aa^  ba  maim 
aasllabla  throagh  te  oaa  af  a  drKbaatar,  ac 
aaelllarj  iaaliaa. 

Tba  iaai  rackonlBg  laatmaata  gba^M  ba  aa 
locata4  that  tba;  aaj  ba  aoaltorat  eaottaoeaaly 
bj  a  group  of  atodaata*  laadlnfa  aa  fua  aartaag 
akf  ommaaa,  amt  drtfCMtar  accapr  oalp  a  mU 
porttoa  of  tba  tadfTtdaal  aaalgatoa'a  tlaa  aai 
aut  may  ba  accoapllAai  bp  aaa  atii<Unf  ab  a  tiaa 
durlag  tba  couraa  of  a  problaa. 

Aatre  data  abouU  tea  eorracily~poslttaaa4 
atars  and/or  mm.  bceorata  raadlnga  of  chaoo 
dlaplaya  abould  ba  poaalbla  bp  oalog  tba  part^ 
copte  aaxtant.  k  aaparata  dlapLap  atanlatlag 
polaritad  akj  Ugbe  ohoold  ba  provldad,  corractlp 
OTlaatad  aa  aaaa  at  tba  aaaltb^  and  raad  bp  aaaaa 
of  tba  akp  ooapaaa.  A  cnpblc  srote  tracb 
racordar  abould  paralC  tba  Inacructor  ea  aaotla* 
uoualp  aonitor  tba  aiteatad  fllgbc  path,  lAtcb 
aap  tbaa  ba  co^aiad  vttk  tba  lega  of  tba  tndli^ 
Idual  atudanea.  Tba  tacordar  dlipUp  a«p  ba 
attbar  Itarcacor  or  Polar  plot,  dtpeadlag  t^oa 
tba  raglon  oaat  ubtcb  tba  “flight”  taboo  placa. 

c.  cmmL  DgacKipnoH 

laat  J«*r  a  papar  waa  praaentad  bp  Or.  M.D.  baa 
Baimatt  and  Ik.  g.B.  Hickalaon  of  tba  gaflactoaa 
liactionlca,  Inc.  on  the  d»-tlitn  erarldoraftloaa 
for  a  Calattlal  Haalgaclaa  Tralaar.  Sinca  that 
tiaa  tbara  hat  baaa  aa  oparatloaal  aaaluatloa 
and  aavaral  alner  nDdlfteatlooa.  It  la  tba 
tncaat  of  tbli  dlacuaataa  to  dalaa  prtaarllp  oa 
tba  retulta  of  cht  aralaattoa,  tha  accuracloa 
obtaload,  and  tbtd  propoaad  ebangea  to  aatlafp 
futura  ra^lrcaanta.  Iba  datall  ttcbalcal 
function  of  oacb  unit  dlarnaand  la  tha  prerlaua 
(action  bava  not  baaa  rapaatad. 

Prior  to  tba  darlgn  of  anp  of  eba  biTiWara 
for  tba  f  rrlea,  cU^  iMapatcr  waa  blocked  out 
and  a  rlgoroua  natlaacti.  tl  analpalf  of  tba 
co^utar  fuscclona  parfoned  la  ordtr  to  daCar- 
aioa  tha  accuracp  that  adgbt  ba  a^ectad  froa 
tba  coaplatad  cralbzr.  Tba  aaU-aaattcol  analpala 
ravealtd  chat  under  cattala  cocdlcloaa  of  opal  »• 
ttoo  aa  aabigultp  would  dcaa)  3p  la  tba  angle  of 
declination  coaputar.  Tba  ct.cultr7  for  thla 
ccapuCcr  waa  revanpad  to  avoid  tha  anblgultp 
and  tha  design  of  tha  caaputcr  was  carried  ta 
coopletlon.  Aa  predicted  bp  tba  ai ch'^natlcal 
analpala,  cha  accuracp  of  tba  conpletad  tralaar 
fall  well  within  tha  ap^lflcotlon  requlreiienie. 

Aaong  tba  aaveral  aolpna  problass  that 
dtvsloped  In  tha  design  of  this  equipment,  wao 
tha  darlgn  and  conacructloa  af  tba  ccllloacad 
light  representing  a  star  at  tbe  second  •agnlcoda 
as  scan  through  the  peiiaixplc  taxtant.  la  order 


••  aaold  abarmtlon  tbat  alghc  roadlt  fraa  tba 
■aa  af  a  phatagrapbleallp  prodacad  raclcla,  tbr. 
flaal  raclcla  waa  fotwad  bp  drllltag  a  bala  .0OW 
Iwrbaa  ta  dlaaafar  tkrta^  .001  bard  rallad 
aateiB  platad  braan  apaclal  blwa  tlaaad 
plaatlc  arraaa  was  uoaa  batwaaa  eba  lt|^  aowrea 
ami  tba  ratlcla  ta  abtala  tba  cbaractarlatla  blaa 
color  af  eba  ataz.  The  treat  or  coJIim  platad 
face  of  tba  braoa  waa  waakaif  te  tr  ■  at  lllflaafad 
ta  rapraaaut  tba  Bua..llgb  order  o^ctea  ware 
raqutrad  la  praeiaa  allgnawnt  la  oi  tr  ta  panilt 
▼lawlag  af  tba  atoz  tfarowgb  tba  pazf.acaptc  aaxtasat 
adilla  allewtag  for  tba  aorwal  ascwralona  af  the 
aatraaca  papll  of  tba  aaxtant  la  Ita  aonvi  tlaaal 
■aiiat.  It  ta  aecaaaarp,  aa  la  tba  opartt- '  jaal 
problaa.  ta  bald  tba  aaxtaae  babble  lawal. 

Seal  tag  problMa  eara  aelaad  bp  amt  large 
throngb  tba  waa  of  praclatsa  wcuwd  torotdg 
tapped  oa  a  dneada  baata. 

All  aarga  notota  are  driven  bp  nngnatlc 
avllflera.  Tbua.  tbalr  oparttloa  la  aatantLallp 
onlntanaaca-fraa. 

tba  Calaatlnl  gavlgatton  Ttatnar,  flgare  3 
no  aonufacivrad  bp  laflactooa  Elactrontea,  lac. 

Is  a  claoeixwa  trainer  for  training  atudaata 
alnglp  or  la  a  grotp  la  cnlaatlal  and  dead  rack* 
anlog  navlgatian  In  tba  onttbam  or  ao  it  bare 
bawnapberaa.  Including  tba  polar  raglaaa.  Tbe 
trainer  alaelataa  tba  navigational  conditions 
prcccntad  ta  a  navlgccor  In  wodara  blgh-apand 
aircraft  wb-rclo  tbs  naaigator  la  raqulrad  ta 
derive  flight  dew  froa  ccleetlal  ebtcrvetlaaa 
and  deed  raetoalng  tnatruaanti. 

tba  tralaar  la  daalgnad  te  taacb  rba  aaa  of 
tba  oparatl«isl  atjaanc  end  akp  ccapaaa  la  telv* 
lag  iter  aud/er  aa  Inferaatlea.  Alao  preaaatad 
ta  tba  atadcart  la  dead  rcckon/ng  lafoiwatlra  aa 
dl^iaped  la  aa  aircraft,  aucl  aa  bareuitrlc 
alxltuda.  radar  altitude,  heading,  fraa  air  toi^ 
araturc,  elr  apaad  and  tiiaa,  la  order  that  tPa 
atudeat  nop  kaep  A  correct  log  and  plot  tbo  flight 
pack.  Additional  InfoTwatlno  eop  ba  derived  bp 
aeana  of  a  drlfcaacax  alanilator  ta  plaid  ilata  an 
growad  opcad  end  al.id.  Tbe  tielner  alao  prevldat 
apnehro  al^els  for  driving  tba  aovabla  trona* 
docer  of  a  lana  tralaar. 

Tba  dead  reckoning  Inecruaanta  nap  V.  nnaicac* 
ad  cootlaMowelp  bp  a  {zoup  of  atadenta. 
ao  tba  aextawc.  aty  ceopaae.  and  drlftaacar  ora 
accewpllabed  bp  om  atudant  at  a  tlae  durt^(  tbs 
couraa  af  a  problen. 

Ae  aatro  Infomation  cowprlaaa  a  corractlp 
poaltloncd  nlngla  apot  at  light  atwuUtlng  a  star 
or,  altematrlp,  a  source  of  light  rcpreacntlag 
tbe  mm.  beadloga  of  tbeaa  dlapLapa  ora  obtalnad 
br  arana  at  tba  pcrlicoplc  aaxtant.  Tbe  eter 
dlaplep  laclodea  a  aclectioo  of  three  predate*- 
wlaed  atare,  of  t'  'ch  tba  atudent  wap  cbooaa  oas 
at  a  t<aa  foa  alghclng. 


A  aa^crM*  41iv1a7  alaiUtM  yAtartaat  Alv 
light,  corraetlg  atlaatW  M  f  «■  at  tha  anailfc 
It  La  raaJ  by  taaa  al  tha  ahy  iw^taa. 

A  gtaghlc  graaeJ  track  rvcoraar  aaaaAca  aa 
lucnictac  ta  caatlaaniialy  agoltor  tka  atatlaaaA 
fllibc  path  ahlch  aay  ha  caapalaA  galaar  the 
leg  af  the  latlhtaual  atudaota.  Tha  At  aplap  la 
clthar  Mercatat  at  feLat  plot,  Aiaialtl^  ayaa 
tka  raglm  aaaa  ahlch  the  'nLadhC”  tahaa  vlaaa. 


B.  ivra 

Tha  tratas  la  aparahla  wlthla  cha  prahlaa  aB» 
O  to  90  4«grcca  aerth  at  rauth  latltaAa  aat  SM 
dagrcea  la  loogituda.  Individual  prehlaar.  ara 
Halted,  la  geaaral.  ta  ch*  area  covaral  hy  (ha 
racordar  chatt  la  uic.  The  gaoaral  cHaTacter(a> 
tic  and  Tanga  of  cperatloa  of  the  tralaar  am  aa 
fallaaa: 


a.  wind: 


<1)  Ulad  Spend  O  ta  lOO  Saatl 

(2)  Ulad  ^ed  Chaoga  Xata  A  to  10  Kaeaa 


(3)  Kind 
<d)  Wind 


Dlrectlen  O  to  MO 

Direct  lea  Changa  Ma 

O  ta  ]■  pot 


h.  dir  Sgxndr 

(I)  TTua  Air  Spend  (two  raaga^ 

0  to  300  or  Otto  IStO 


(1)  Indicated  Air  Speed  0  to  SIO  Knata 

(Odal  lladt# 


*  In  other  nodela  thla  range  can  ha  art  eadird 
beyond  3200  hnoCA 

c.  Tta^ecatwei 


fl)  Proa  Air  Tenperatarc^f aloft! 

"  -4%\. 


(2)  C<n<a>d  AU  T. 
<3)  Lapi 


30  to 
atura 

50*to  -TS^ 
-2  C 


dg. 


d.  Altltu 


(1)  Abao1ut«  Altitude  O  to  90*000 

(2)  Vertical  Sf>*«d  O  15*000 


<3>  Tru*  AUltudi  O  to  00*000  CmK 

(4)  BatoMcrlc  Fr«tsur«  20a0  t«  31.00 
inch««  •(  i ui'f 

(?)  Pressure  Chjnjte  late  0  CA  P200  Cm 


(2)  IMgiiotic  DavUtlan  0*ta  oH* 

(3)  Canpaaa  loadlag  0  ta  3M 

fd)  Ttna  haadlng  at  6rld  ■aadta*  . 

0  tn  3M 

<5>  Cyro  trrar  ♦•8®^  _ 

(h)  Gym  yrocoaataa  lata  ^toeU^nr  haa 
<7)  Left  oc  PAght  TUra  3*  par  aaeiari 

f.  Aatra  Data  cnotdlaitaa  af  aa*  mlaailal 
nhjact  aa  follonai 

(1)  Star  Dacllnatlaa  Aagla 

<2)  Sldaraal  lour  Angla 
<3>  local  Sour  Angle 

g.  Tina  Indlcatlant 

(1)  Civil  Tina  (atandard  aircraft  cinrh, 
aaater  and  ilavaa) 

13  COPMCIitlTB  kSM 

(2)  Prohlnn  Tlaa  (digital  cinch) 

tlapaad  tina  nf  prahim 
(  24  haoad) 

h.  tacardar  Charta  (aaa  table  1-2) t 

<1)  Hercatoi  Charta.  all  2j^da  la  laa*- 

Itndai 


0  ta  M 


0*tn  3»«* 
0*ta  mT* 


Chart  1  Klaut  l*ta  plna  )1* 

lacltMde  0  or  t 

Chart  II  31°. o  SS*UlUuda  a  aa  S 

Chart  III  5}*CO  70*Utttnd*  a  aa  . 

(2)  Polar  Grid  Chart  with  pole  at  tear  nr 
Chart  IV  70*to  90* 

I.  Crouod  Speed  to  Orlftactar 

700  knoca  analam 

J.  Drift  Angla  ta  Dclfcnetar  30* 

h.  Altitude  Unlit  aa  Drlfcnctcr  npatntlnn 
3.000  to  x.eoo  fnm 

1.  Cround  Spend  tn  laran 

1300  haota  airiM 

n.  Ground  Track  Aagla  tn  It-tl  — 

0  tn  3<« 

a.  Star  grllllanca  Saennd  Magaltn^ 


n.  Bcanlagt 

(1)  Magnetic  Variation 


la^  KaatJS 

Ua  idnat 


3^5 


Am  trainer  coacrlMa  foor  aOcir  inltn. 
coMletlMl  of  the  lontnictor  Ooonoln,  Oo^aiUr- 
aeeofte  Cbonolc,  Student  Otwemr'e  Station, 
and  daaaroOB  Inatrvent  Itnal,  In  addition  ta  n 
aeparate  Brlftneter  Slnulator.  All  of  Umm 
Wlta  aro  noeabU  and  an  Intorcoooaetnd  ^ 
•loetrlenl  cabloo. 

Ibe  Xnatruetor  Cooaole  tunom  ttt  a«ecaa> 
ary  povor  dlatrlbutina  ood  cootrola,  owltcSn, 
•te.,  retired  bo  act  up  cail^atloo  ptrotlaa.  It 
alao  contains  tin  cootrola  for  adjuatlns  the  ln> 
put  relusa  for  the  star  reprenentationa  selected. 

Ttw  Aatrodata  Ibncl  la  laMmted  on  too 
upper  center  portion  of  tbe  e.Miaele.  It  locne^ 
pormtes  tbrcc  Identical  panels,  each  contalnlnd 
dials  which  control  and  Indlcsts  the  istrnduct- 
Ion  Into  the  coeputera  of  quantities  rsprrsent- 
lD«  celestial  coordinates  of  ons  tlxir.  tseh 
panel  contains  s  card  fanlder  for  Insertloa  of  a 
esrd  which  bears  Identification  of  the  star  rep¬ 
resented.  Kaeb  panel  provides  o  control  dial 
{(/*  to  5°)  for  Insert  tn£  s  value  of  SIDKWtAL 
BOCR  AKU  which  appears  on  on  Indlcntlns  dial 
{(/>  to  y6oP),  three  dials  for  'oscrtlnd  the  quan- 
tltp  of  sloe  of  the  star  declination  snale,  and 
thrcM  dlala  for  Inserting  the  quantity  of  cosine 
of  the  at’ip  declination  angle.  Ench  pacel  In¬ 
cludes  an  Indicator  lanp  which,  when  energised. 
Indicates  tint  the  student  In  the  ohscrvallop 
station  selected  that  parxlcular  star  fee 
hlB  nnrlcatlonal  coaputstlon.  A  cvltch  aarted 
tCClJIIATIOK  teORTH-SOVTH  provides  the  proper  bral- 
spherlc  factor  of  deellnstlosi. 

Ttve  Coonuter-Becorder  Console  houses  the 
necessary  mechanlsa  to  cospute  the  flight  courac 
aa  detcralned  by  tb«  settings  at  the  Instructor 
Console  and  to  coepute  the  position  of  the  stars 
relstlve  to  the  simulated  olrersft  (Student  Oh- 
server's  Station)-  A  recorder  uounbed  on  the  out¬ 
side  of  the  console  provides  an  autosatic  Ground 
plot  elblar  In  Mercator  or  ftelar  projection  of 
the  course  "flovn*  t»y  *.he  aircraft  as  represented 
by  the  Student  Observer's  Station.  TOls  plot  wmj 
be  used  by  the  Instructor  to  evaluate  studeot 
perforwucc  by  cocparlng  the  plot  against  the  log 
of  each  student. 

Tbn  Cooputer -Recorder  Console  further 
booses  the  conrutlnr;  equlpsKnt  for  providing  tlie 
synchro  signals  (crouod  ti-nck  angle  and  dis¬ 
tance  to  a  aovahlc  lornn  Transducer). 

The  Student  Ohoerver's  Station  conslate 
of  an  enclosed  booth  with  access  door.  Red 
lUtaloattoo  Is  provided  within  tbs  booth  for  eyo 
adaptation  to  night  conditions.  One  vull  of  the 
booth  Is  dcolgnated  as  "forwnrd".  The  booth 
actually  represents  11*  aircraft,  and  the  repre- 
scntatlons  of  star  or  cun  and  of  polarised  light 
are  positioned  relative  to  this  forward  wall  of 
the  booth. 

One  arcs  of  tlie  booth  serves  for  ess  of 


thi  sky  copses  la  sasd  %o  look  Bt  a  alaa- 

Istad  aky.  Tha  sky  i  iilin  a  yolarlalag  plata 
■hlch  U  IllMrtaagad  tvaa  a  UgM  aoarea,  tkua 
pmeldlag  pnlarlaad  ll#k.  Tha  namitliig  aa^- 
drlvsa  tka  plata  loatl—Uy  la  aslaatk 
ao  that  tha  laataalaasaaa  poatilaa  of  tha  ylata 
ylolda  polarlaad  light  ta  tha  aky  ee^osa  ftoa 
tha  i*dyer  aslaatk  aatfa.  Tha  Utaaalty  of  tha 
light  aourea  la  haadrallad  fMa  tha  Jaatruetor 
Conaota. 

Tha  other  area  af  the  booth  la  uaad  Par 
alaulatlag  the  star  or  mb  reprrsantst.too,  Aa 
overhead  sovabla  star-sai  BCchoulM  nootslaa 
sources  of  light  ahlch  rsfeeasnts  tha  atara  or 
ata  and  which  era  vtsued  by  Bsaiia  of  tba  pari- 
scopic  acatant.  This  Mchse  Im  aerbanleally 
aovea  la  aslauth  aad  alaiatioa.  Ths  soapitlng 
■echsniaa  of  the  tralaar  eentlonoualy  [rorldaa 
aslnuth  and  clevatloa  poattloa  lafOrBatlM  to 
the  star-sun  ■nrhanlsa.  Wes  tha  studeot  oper¬ 
ates  the  Bclactcr  awltch  provided  la  the  booth, 
the  star  acchaalaa  aaauacs  ths  corract  coordi¬ 
nates  of  the  star  (vldcli  has*  bees  aclacted  rela¬ 
tive  to  the  forward  aall  of  the  booth)  and  a 
alcfatlng  way  ba  takiiB.  Sdbsaqpaently,  upoo  opera- 
tins  at  onothM  oclcctcr  ovlteh,  sighting  of  ooa 
of  the  other  star  posltlooa  oay  bo  takaa.  Tba 
source  light  rrpeeacntlng  tha  star  la  projected 
through  a  pin  point  apmurc  while  the  sun  rep- 
reeentlng  the  star  ta  yrnjeeted  through  a  pin 
point  aperture  while  the  sun  rrprcaentatlon 
consists  of  sa  lilaalnated  Incite  disc,  both  dis¬ 
plays  being  sieved  %dth  the  aeitant  through  a 
coUlaotlng  ai  I'lUgwal  within  Its  Bcchanlaa. 

Tba  ClnaarocB  laatnwwnt  Fonel  Is  a  flat, 
rectangular,  portoMc  panel  amsated  In  slew  of 
tie  group  of  atudCBtn.  tha  panel  contains  ala 
Insvnjsenta,  19-laeh  la  dtaweter  each,  wl  tch 
sleulcte  the  followlBg  operational  Inatnaeots: 
Borooetrle  Altlaeter,  Radar  Altlneter,  C-2  Cosi- 
pass,  free  Air  tapermtsre  Indicator,  Air  Speed  , 
Indicator,  and  Tine  dock.  These  Inatruseots 
ore  eontlnuDucly  aonltored  by  the  student  body. 

Ihe  Instrvaents  are  actuated  by  synchros  whlcb 
receive  their  steads  frosi  respective  synchros 
at  the  Instructor  Console. 

The  lorosctrlc  Altlaeler  Is  provided 
with  no  sdjustarat  so  that  sladrnts  con  correct 
for  the  boronetrlc  j^esowres  inserted  by  the  in¬ 
structor.  The  C-2  Coapass  Is  provided  with  In¬ 
dicator  lights  which  Indicate  Its  co.ndltlans  of 
operatlta.  The  Al;  Speed  Indlcstcr  is  provided 
with  Indicator  Hflhta  whlcb  .ore  actuated  fren 
the  Xnstnjctor  OonsoJe  to  InTora  the  students 
wliethcr  tJ*  InslruaCBt  Is  Indicating  true  air 
speed  (ta.*;)  or  Isdlcwted  air  speed  (lAr>}.  The 
Air  Apeed  Indicator  slnclates  the  cocventlonal 
Haaians  AUcvohle  Air  Speed  Indlc-itur.  The  noxl- 
■UB  pojiite.'  oral  Mach  scale  are  luoperatlve. 

y  -  HODintAiam 

Dpoo  Inl'i.ojLlntlaii  of  the  cqulpuent  at 
Berber's  }t>lnt.  It  was  found  Uiat  certain  Bccban- 
lc.-il  dirricultles  hid  drvelcvcd  In  Ihe  local 


(Un)  votfottr  Mil  ttek  tte 
oC  «k>  it«r  drlv*  iwr(lMl.  A 

rOTti  m€  tht  aRtteoatim  MialjraU  r*«Ml«4 
tfeat  t—»rt1r«  of  •lAclo  ttop  ooluttoB  of  Ua 
olw  Ml  ea(  of  u  onAlo  dll  not  ooDtrlbnto  to  o 
■rtoMo  oolatioo.  OaoaoqiiMiUj  •  tvo  itop  oor  tao- 
•nl  — aotlno  IntroliKcl  iato  Um  roodlYcra 

rlaoMaaaa«olr  ohlck  rooulul  In  (TMtor  acetvooir 
•al  otaMUtjr.  ta  oitm^Io  of  Uw  tMofgt  1«  «o 
frU— : 

o.  Antro  Bat«  Paatl 

1b«  AfUM  Dot*  nuMl  (flgurv  t)  enaaira 
tlo  toatmetor  to  Icaort  tbe  celeitlal  coordl- 
aotao  of  kof  eeloatlAl  bodj,  ffa*  aln*  aol  oo- 
slac  of  the  lecltjwtioa  aoglc  tx*  (oporotcljr  to- 
■ritol  tha  "Sloe  Dtclloatioo'  aoA  "Coatot  Oa* 
rllnUnn"  controla  which  opermta  loductloo  typa 
«nlt«9  liflAara.  the  oaqpilttuda  of  thcaa  output 
aoilta0M  va  proportional  to  alo  d  and  coa  d. 

Sla  4  la  fed  to  tha  Ccaputer  ncrorder  Conaolt  anl 
coa  4  la  fed  to  the  Latitude  Oosputcr.  The 
allcfoad  hour  angle  (S.B.A.)  la  Inaerted  by  the 
'Sldercol  Bour  Angle*  control  which  poaltlone 
aynehni  trooaalttera  IfBl  and  irB2.  The  S.B.A. 
la  fo4  to  the  Coaputer-Recorder  Conaole. 
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Before  the  device  vas  nodi  Tied  coa  d  vme 
cert  ^rectljr  to  tbe  U/c&I  Dour  Co*:pu*'«-r 

(LaBJta)  (Plcure  5)  ^  6cr>crat«d  by  «  reference 
mlfagr  froa  tbe  coalDe  decllrvatlon  voltage  di'' 
vider  le  the  Ajtro  Data  Panel,  lliie  refereoce 
volta^  eoe  d  data  Is  no*/  fed  to  tbe  latitude 
Coi^rtsr  In  the  Recorder  Coocole  Section.  Coe  d 
pr  iportloned  voltage  is  coeblned  vltb  tbe  rota> 
tl-'O  proportional  to  latitude  by  reeolvcr 
maltlag  in  an  outiait  volta^  the  lusplltude  of 
la  proportioned  to  cos  1  cos  d.  thla  >n>l« 
ij  theo  returned  to  the  L.B.A.  panel  and 
vlth  a  rotation  proporttored  to  L.BJl. 
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Vy  raaolway  UBf  vvaultlai  In  out  put  wolta^aa 
whaaa  aavlttada  ara  proportlonaA  to  eoa  1  cos  4 
eaa  t  aa4  om  1  coo  4  aln  (•^)> 
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Ihla  latter  nlua  la  fed  to  the  Star  Axlauth  Coa« 
piter  (ngure  6),  tbe  output  of  which  poaltlona 
the  Star  la  Aal^th.  The  above  cbauigea,  with 
soae  aaaoclatad  daaplcg  oa  the  aenro  aotora  out* 
puta,  changed  a  naxgloal  ayaten  Into  one  which  la 
rcaarkably  ttehle  and  aalDtaliienee  free  ai^r 
houra  of  cootltaaoua  uae. 

C-  BTAUMnOH  AID  FimmS  RKCimiEMniTB 

Uyoo  coj-pletlcn  of  these  changes  a  foraal 
ewaluatloa  of  the  equlpuent  waa  perforaed  with 
the  following  results : 
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Input 

Sextant  altitudes 
netted  fixes 
tntX 


Azlaith  lodleatlooa 
Speed 

Final  rrrults 


Accuracy 

2  3*  ainutas 
t5„  aUea 
tl  (dagrec) 
no  error 
1°  (degree) 

^  knots 

to  99^occuroto 


Overall  efrectlvvness  Indicated  that  a  problt* 
c«A  be  set  In  tbe  slorulator  and  reaped  for  a 
class  lo  less  than  30  nioutes.  The  abilitj  to 
stop  or  freete  the  problet.^  for  class  dlscussloQ 
and  restart  vltbout  loss  of  accuracy  Is  extreme¬ 
ly  dealr»bl«.  Also  the  ability  to  slr^date 
pol'ir  fllebts  over  either  pole  haa  not  beea 
possible  to  the  past.  A  Squadron  Navigation  la* 
•tmetOT  fTTCTTted  that,  '"the  XAI9  tracked  per* 
fectly  l:i  all  circ^sutaoces  and  stsulated  a 
fllsht  io  an  excellent  vmoer.  drifts  de¬ 

rived  froa  track  and  ground  speed  nnd  preosura 
pattern  vert  Identical  in  all  cases.  The 
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•twteiU  4d*pt«t!l  wU  to  tfa*  tr*laar  MkA  tbax 
ri^md  aa  Inmom  aaouct  of  tralalac  tlvoo^  Ita 


TtM  «Tmluatli4|  activltl«f  reco^aad  that 
Uma  facilities  adapted  to  Um  ilaulator  for 
•ore  tfaorOMdb  treiolng  io  CO  oarlgatloe*  It 
VTuld  be  detLrmble  to  have  a  oavl^tloo  facility 
vlth  2  or  oore  aertanta  operatiad  froo  the  aaae 
CTMiputer  to  that  additlooaX  atudeote  mkj  take 
•  iaultaziccua  fire*.  Tbla  reeccneodatlce  haa 
beea  uoder  conaldemtloa  aod  ttepe  are  belog  takea 
to  adopt  chaj\de  lo  future  product  iooa* 

the  rcaults  of  the  evaluatloa  of  the 
Celestial  Ravleatioo  Trainer,  Device  1A19,  Indi¬ 
cate  ttMt  St  la  poetible  to  provide  for  rapid 
Training  of  oa^flgatlonal  peraoaoel  u>4er  aap  and 
all  geographical  conditlor\a.  the  device  la  lo  oo 
vajr  dependent  upon  cllcatc^  atooephrrlc  condit¬ 
ions,  or  other  Halting  local  coodltlcne.  It  le 
based  upon  cperatloaal  equlpnent  and  provldea  for 
optltan  tra  .QlDg  of  groups  or  lodlvlduala*  2ta 
•ccuracp  is  veil  aithin  the  llalte  re<ittlred  for 
piactlcal  navigation.  Floolly,  it  re«7ulr«s  no 
cooplex  operating  Inetructlona  or  highly *<oapli- 
caWd  ebartk  for  operatloo* 

In  thla  age  of  apace  exploratloo  vhea 
helllsMc  alsslles  and  Jet  speeds  of  Mkch  2-3 
beco^  coovon,  high -accuracy  novlgatloo  Is  essco* 
tlal*  A  recent  pnper  presented  to  the  XIQI  00 
cconllnatlon  for  high -accuracy  fkarlgotloo  by  Capt. 
A.B.  floodji  indicated  a  possible  solution  Is 
pcotlble  by  adopting  latitude  ard  longitude  to  a 
unlvrrval  coordinate  syateo.  The  Urportance  of 
toe  iraitiittg  la  the  technique  of  obtaining^  lati* 
•ade  and  longitude  position  by  celestial  neons  la 
ertrreiely  eeeentlal.  Vltb  this  In  alnd,  the  tech* 
nlque  as  utilised  In  tble  celestial  slatulator 
vlll  serve  the  neens  of  the  present  aod  the 
future  lo  navigational  tralnlna. 
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IntnxlMCtl^  -  A  »*»t  «sUtA  for  a  trailer  for 
itAiAi  turr<V~C4*oiMMfl  to  ffooito  eoof  Iota  tjathatlc 
tralalf^  wlthevt  raoavt  to  tactical  ofuifMt. 

A  traiuloA  toriiai  to  moot  tkU  ckac4  haa 

racaatly  ¥««i«  Aa^foUroA  for  tba  0.  A.  Karlaa 
Corpa  Aj  tba  «.  S.  teaol  traUUA  D»aUo  Caotar 
aaAar  Caotract  trlcA  lAa  Jao  ManAy  Ortaalaacloa, 
Datrolt»  MlcAlAoa. 

Tha  Aavioa  ia  AaoltvaA  for  wac  laatAa  aa  aa- 
cloaaA  bollAli^.  U  vilt  parolt  raalUtte 
tralaioA  Aa  corrioA  ooC  without  **\tcrf«raoca 
Ieoo  voatbcr  or  ftpaaiJrara  vpoo  lha  .*MlUblllty 
of  tactical  * — *■“  St  My  Aa  waaA  oo  aa  atouoA- 

tba-clock  flcbcHhOa  wltAoat  re^ulrtoA  larga  tracer 
of  land  for  fUti^  rao^ia  aaA  attta  a  olalat^  of 
the  preparattoo  aocoaaary  wAaa  traialnA 
opt  rational  o^alfMat. 

Docriptloo  -  TAa  aota  coay  noaoti  of  the  de^ica. 
ahovn  la  rigora  I  aro  a  aloulatad  K47  tank 
turret  aoufitcA  aa  tAai  It  rotate*  oa  a  gpec tally 
dealftoed  ataoA;  a  teo-foot  radlu*  hoolapberlcal 
■crcca  and  a  tarraia  projector  which  projccca 
wide  angle  atill  pAotographlc  alldea  of  real 
target!  and  back  groaoda;  tracer,  Aurat  and 
point  of  ala  projactora  aod  ae  iratructor**  coo* 
sole  which  coatrola  all  Cha  functtocia  of  Che 
traloer  and  regiatara  proficiency  of  the  crew. 

Tbe  Aavlce  will  to  loprove  crew  proficien¬ 

cy  la  the  oaay  akilla  ooA  taaka  required  to 
aipadltc  cha  cratalog  ^f  tank  turret  crewefi. 

The  aUwlateA  carrot  ia  coueiructaA  cl  an  epeo 
we1d«A*plpe  fraocwocA  wAich  pe«^Ua  crew  activity 
Co  ha  vlc*aeA  frra  oatalAa  the  Cuiret.  Snap-oa 
caavaa  cavera  are  sappIftaA  to  cloae  the  openlnga 
(or  wore  adraacaA  trelalw* 

The  turret  laeierlav  la  fitted  witA  all  the 
oparatiooal  gaar,  coatrola*  and  alghtlog  Inacrw- 
acata  wa«d  la  tAa  Cortical  tiak.  The  Bain  gun 
Saa  beea  aodlfleA  to  recoil  when  th«  apeclat 

t - -  It* —  AeoelepoA  aoA  fwmlt'*icd  with  tbla 

device  ia  fired.  IVa  tpeelal  training 

loaad  la  deaisaed  ao  aa  to  aepatate  %^en  (ired. 
Tba  projectile  (rlla  cArough  a  floe  la  the 
barrel  while  the  cartridge  caae  la  thrown  back¬ 
ward  oMt  af  the  AraarA. 

The  projector*  ■aoeced  co  a  aiaod  behind  the 
turret*  prajecta  a  jtlll  AO®  piciure  on  thi 
lojilde  of  a  AeBlapAer i<el  ac 

lha  projected  pictare  Ij  '>e(  «n«d  on  a  JV** 
a  A'  laaa  elide  plate.  The  ^noiograptty  for 
thla  traloer  iaclaAed  tanka  and  other  tactical 
targeta.  IWIve  aliAe*  aro  Mounted  lo  a  dlac 
aa  ahoww  ia  Figwre  2.  Tbeae  aliUea  way  repre- 
aent  aucceaalve  atepa  la  the  aolucion  of  a 
glvca  tactical  praAiaa, 

Do  ra  fl*#e  mmy  Ae  provided  ur  each 

■  l(de.  The  Inclwalaw  of  awre  than  one  tar(;ec 
per  all<U'  creates  a  piohlm  of  deierwlnln^ 
which  carpet  la  of  AlgAer  prlurlty  at  fair 1 ca  1 1  y . 


the  ability  to  celect  the  pteptc  torget  U  cogU* 
ccraA  on  a  bc'^  of  ll^ta  oo  tbo  eanowlo. 

The  tvelwo  allAoe  are  carrloA  aa  a  Aloe  ■eoaCoA 
Co  the  proJacCor  iaechaatao«  lAo  allAo  eapoooA 
la  eont*‘olleA  by  the  problao  aMAat  owitaA  oo 
the  coniolo.  The  trainer  will  acoaMoAotO  A 
total  of  fifty  proAloaa  or  ollAas. 

The  allAa  alao  contaiaa  a  proJactaA  raferaaca 
apot  for  ec^b  target.  Thia  apot*  oot  vlsiblo 
to  the  trainee  with  hatch  cloaeA  provlAao 
the  approprlete  eiioucb  aad  eleoatioo  refaraoco 
data  for  each  target.  Tba  provlaiea  of  tkio 
reference  inforoaclou  aa  a  proJecteA  apot  rathat 
than  a  coding  on  the  at  Ida  pacmita  arrora  to 
occur  In  the  poaltLonlng  of  the  allAa  AurioA 
projection  without  affactlag  tba  accuracy  of 
the  acorlag  a/ataa. 

The  target!*  terrain*  aad  the  bwrat  aad  trocar 
dlaplaya  are  projected  on  the  laterior  of  a 
heolepherlcal  acreen  12  (eat  la  radloa.  tba 
turret  rotates  about  the  vertical  center  of  tba 
acreen.  The  horitontal  aaU  of  the  roage  finder 
paaaea  throtigb  the  center  of  the  ecraea. 

The  operational  acarcoacoptc  range  flodor  U 
oodlfled  in  peroic  ranging  on  th*^  **0 Jetted 
target#  which  are  actually  al»  * . ,  «.  aaaa  dla* 
eanca  of  12  feet.  Tlila  dapan.  |‘  v^e  prla* 
cipal  of  the  range  finder  which  4*  AoaeO  wpoo 
binocular  viewing  polnta*  In  which  ooa  e)e  teada 
to  aee  oora  of  one  aide  of  aa  oAJect  tAaa  CAo 
other  eye. 

Three  optical  wodlf leaCioM  hava  Aooa  aaAa  la 
the  ran^e  finder  to  peralt  ih#  aiwulattd  raogliA 
to  be  carried  out.  These  wodif Icatloas  Arc 
shown  to  figure  3. 

fl)  The  base  length  was  reduced  frow  10  laches 
to  alx  inches. 

<2)  An  objective  lens  haa  beea  adoad  to  aacb 
telescope  to  c tang*  the  focuslag  dlstaace 
(ro»*  infinity  te  12  feet, 

(3)  A  scr-o-drlvcn  optical  cawpeaaator  has  baea 
added  to  incroducs  a/ntbetlc  raaga  cAaages. 

The  objective  lens  added  to  achieve  tha  12  foot 
fn  ling  distance  also  aervea  aa  the  optical 
cu»  •‘oaator  and  Is  servo>driveo  frou  the  trwa 
rente  'Uta  Ir  the  console.  The  aoiloo  af  the 
optical  cowpenaetor  la  a  fvnetloa  of  the  raciprw- 
cel  of  true  range. 

The  'sodUled  range  finder  fua  tioos  ea  follows: 
The  ecqvlsittun  of  a  target  eui^vuaticelly  aelecta 
the  true  range  data  frnw  the  stored  data  chaaala 
vlthln  the  Instructor**  con;Ole.  The  true  range 
servo  of  the  optical  cowpenaatur  Icoa  drives  to 
a  poaltlon  correspond Inr.  to  the  trwa  volt- 

agr.  The  cowpentator  lena  la  then  dlaplacad  aa 
AiAOunt  proportional  to  the  actual  range  ol  the 
c«*ri.ri  thrn  In  Trleacoplc  view.  The  gufwaer  p*iat 
ntv'v  rotate  the  ra.igr  knob  la  correapood  to  ebs 
range  ««f  the  target  so  that  the  tari'.at  rail  A« 
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wmlm  MiacUat  with  th«  rmatn  limdux  pipe  a* 
taltalry.  TIm  racatlea  of  tho  raaa*  katib  martm 
«auo  flador  latonol  rnopianfr  loM  amt 
owiorti  tho  aovtottoo  bock  to  Uttaltp.  Iho 
■ooMoot  of  tho  optical  caap muter  laaa  taka* 
placa  ^Ickly,  anaotlcaf  by  tba  pmmtt. 


MMttaaal  aadlflcatUaa  barn  boaa  aa4t  to 
raaga  flafar  la  ordor  to  foaf  data  to  the 
acacias  ayotaa.  Ikla  laclodao  aa  aamaltloa 
aa^or  pocaattoactar  plekep  abUk  fooda  a  ra- 
paafrr  (yro  aovatad  oa  tba  aeorlac  eoDaala. 


.  polat  of  ala.  and  traear  projaetoca 
oa  a  Plata  ea  tho  uppar  aarfaco  of 
tha  caapo  fladar.  aa  abooa  ta  Ftpora  4. 


Tba  barat  projector  ploaa  iJBHdlata  iadlcatloa 
ta  tba  tralaaa  of  hla  aueeaaa  la  bltttap  tba 
Thla  ladteaciao  la  la  tba  fora  of  a 
adjaacably  tiwd  apot  of  llphC  of 
rnaatmt  alaa  projactad  oa  tha  aeraoa  aloulatlap 
a  bant  at  a  raapa  of  about  7000  yarda. 


Iba  trace  projactor  alianlataa  tba  Tiaaol 
affect  af  traear  amamltloa  aa  a  polat  ta  apaco 
ukaaa  tba  raal  traear  buna  out.  Tba  trace 
apprara  uboa  tba  tripper  la  operated  but  laata 
oaly  aaMncarlly.  It  La  drlvao  la  alavatloa 
oaly  aad  ita  poalttoo  la  a  fuaetloa  of  aepar- 
alomttaa  and  a—niltlm  arabar. 


Tba  borat  projactor  La  driven  La  both  aalautk 
and  alavatloa.  Tha  alavatloa  poaltloo  la  a 
fuaetloa  of  the  dlffareaea  bvtvean  tba  aatlMtad 
mparrlavatloo  cod  tba  true  auparalavatloa,  or 
tha  aoparalavatloa  error.  Tba  aalaaich  poaltloa 
to  o  fuaetloa  of  tba  caat  oopla.  For  alapllelty. 
tba  affect  of  caat  la  alaulatad  by  tlltlop  tha 
projactad  picture  ta  tba  oppoalta  dlrectloa. 


Iba  laatructar’a  eonaola  La  abovu  la  Flpura  S. 
IL  oautalaa  all  tha  eontrola  by  aaana  of  ^Ich 
the  laatructor  praaanca  tba  tralnlop  pcoblau 
oof  evulaataa  crew  parforaoaca.  Tba  paaal 
arraapauiiir  vat  baaed  upoa  biaun  aaplaoarlap 
daalpa  caaalderaclooa.  Tba  couola  alao  coototaa 
tba  tarpvt  data  atorape  ayatra,  the  acorfop 
dutartara  ood  couputara. 


The  left  alda  panel,  abovn  la  Flpura  t.  to 
tba  chachout  panel.  It  cootalu  a  aerlaa  of 
ladlcoter  llphtc  repretenclnp  before  aad  after 
oparallou  cbecka  corratpoodlap  ta  rha  actual 
aparaaloua  required  to  ba  parforaad  La  tba 
toettaal  vablcle.  Thla  provider  a  uaaaa  of 
uualoatlap  tba  turret  crav  In  tlia  parforoeaca  of 
tbaae  cbacka.  Tha  checkout  panel  alaa  « wtala* 
a  tinar,  to  check  crav  proflclaocy. 


The  cautar  penal,  ahowo  la  Figure  7  la  tba 

aual.  Thla  panel  coatalna  tba  covntara 
wbleb  enable  tha  Inatruccor  ta  avatuaca 
tha  crau  parfornorica  to  aack  pcoblaa  praaaatcd. 
They  Udlcatoi 
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■ach  Ktoa  tha  trlipaa  fo 
fltad  couatar  raplotOia  ou  Che 
aad  ai loath  couatara.  S 
oa  oalmath  raplatara  a  hip. 
avaluata  tha  praf Iclacry  af 


appraptlate  raope 
oa  raapa  oaf 
acacoa  roealvad 


Tba  acarlap  tolaiaaea  la  araptap  aad  alad^ 
(aatoutb  aad  avalavatlo^  la  odjactabla  by  mom 
af  avltcb  aattUpe  oa  tba  taoa  af  tba  aoorlap 
panel.  Credit  la  plvoa  far  ooaract  raapa  baood 
upoa  1.  ).  7.  and  IS  malta  of  arrar  dap andlai 
upoa  tbc  nape  error  aatclop  oaod  aod  for  O.S, 

1.0.  aad  3.0  alia  dapaadtap  ra*a  pha  alalap  acroa 
aattlap.  Tba  alalap  arrar  araaiap  talaraaca  la 
aUaya  baaad  opaa  a  SOD*  yard  torpet.  Tba  uaU  af 
error  aa  a  aaaaura  of  arrar  la  aa^a  la  baaad 
upoo  ooa  mtP  of  error  balop  ov>lualaat  ta  4. IS 
claaa  tba  raapa  la  .thiuitmpp  ad  yarda  aruarod  ar 
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Inforaatloa  far  datarodakop  tha  alalap  error 
la  obtataad  fra  a  Kallaaai  tariat  traebar.* 

It  ceoiataa  a  talaacopa  aad  fhaaoalactrlc  acaaali 
aaebaatoa  poaUtaoad  ta  aalMh  and  alavatlaa 
by  raalertap  oetora  aad  ta  capable  of  lockli^  oa 
a  projactad  tarpat  apot.  Tha  tnekar  la  uoratad 
oa  top  of  tha  ranpa  flador  aad  ■auaa  vltb  lha 
turret.  fUlnp  oa  a  aopt  uhaa  ft  'aura'*  aua. 

Tba  target  tracker  la  daalpaad  uUh  a  flaad 
alavatloa  uffaat  to  corrrapi  ad  with  tba  enact 
aagla  of  offaat  at  tba  aapt  prlutad  ■»  the  allda 
far  each  tarpot.  4alm*h  afloat  aatlo  la  aara. 
Vbaa  alalap  la  correct  bath  to  aatomh  aad  alava< 
tloo.  tba  error  alpaala  paaaaarad  by  the  tarpat 
tracker  ora  aero,  tsy  error  to  alalap  ta  alebar 
a<lu>irb  or  alavatloa  prodaaoa  aa  error  atpoal 
vbtcb  la  uaad  to  dateralaa  the  accuracy  af 
acorlup. 


Tha  acorlap  panel  alaa  _ 

nunbar  dial  ublcb  tadicataa  tha 
ouubar  act  au  the  control 
f  Indar.. 


>  aa  aaoualtUu 


to  tha  raapa 


A  target  aalectad  layiaara  todlcacar  alaa 
provided  eu  tba  tcorup  penal  oud  abovn  U  Flpuru 
7  givaa  additional  laleraattaa  uu  crav  parfoev 
ante.  It  eonaUtt  af  a  bank  u<  25  lights  ubieb 
Indicate  vban  tha  tralaaa  la  atoiag  ultblu 
tha  2b  dapraa  cone  angle  af  the  tarpot  tracker 
(by  tha  proper  ladlcatoa  dlaly);  tba 

priority  of  tha  target  "d.b.C.b.  ac  t);nt>aa  tbr 
»0ua  gua  baa  braa  fired  at  tala  taiget  (by  tba 
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mmm  tadtcatcr  llftlwlaB  find 

at  aacl)  targM;  aod  elM  acdar  at  akM*  find  (1 
(Waitgll  >). 

Ik*  p***l  a*  tk*  rl|^,  ri«*n  •  1*  rnn 

faBcl-  It  ccBtraU  cnlaar  f  »»ii.  t.  <t  yw>, 
^rojMter  dUplsy.  •l**l«tt**  «If*cta  .  id  cammml- 
caclooa.  Ik*  (lauUdo*  affects  an  kaasftn. 
ncall,  90ni  tarn  samd,  aa^laa  |sa  swMid,  sad 
Hi**  Mis*. 

TIa*  Mm  fua  sewad  Is  aa  s  ctaaad  last  sf 
asjintr  Ir  tap*  aad  la  s*t  C*  e^t*  far  an  rawd. 
Machlo*  (ua  and  aa(lM  aatsa  an  aa  tk*  asM 
tap*.  Th*  a«cttlB*  gaa  nis*  la  m  a  aeparat* 
track  aad  la  plapad  ealy  akn  tk*  trt(S*r  la 
aparatad.  All  aouod  affects  aea  playad  aa  a 
apaaket  located  la  tka  tame. 

Tk*  power  rack  akewa  I*  ri«*s  1  racatoa* 
*lnsl*>phaaa  60  cycla  pawar  aad  prawldaa  all 
power  with  tha  aaccptloa  af  tarret  power  aad 
terra  la  projector  Imp  power.  Tkla  nek  eupplles 
300  volte  aad  24  volts  D.C.:  6.3  mita  end  110 
welts,  60  cycle  aad  113  volts  nd  26  volts  400 
cycle  to  tb*  loetructarr'a  coanlr. 

Tkaorv  •  Tk*  tralaer  aperetca  a*  a*  aaalnp  cu^ 
potar  IB  which  raaglng  and  trarklas  acevreclea 
or  alalag  arrors  an  rep ne eased  aa  voltstca, 
aad  the  dlrectlaa  of  arnr  la  repreaeoted  bp 
the  phsia  asgl*  of  tk*  veltspr.  Om  all  1* 
represented  bp  a  value  of  0.46  nlta.  All  tka 
servo  spatcM  aad  phasa  detactwra  eparal*  oa  a 
60-cycl*  carrier  spate*. 

Tk*  atlautk,  elvvatloa,  mags  sad  cant  data 
for  flfcp  pcokleM  1*  cootaijuad  aa  tOO  cackos 
poteotloaetar*  located  erltkta  tka  stand  data 
ckassls  la  the  laatrurtor't  caaaela,  akova  la 
rigur*  T.  Wbes  tbo  loatrwctar  Mltckas  te  a 
particular  problaa  auaker  pertalslao  ts  a  slid*, 
k*  autoaatlcallp  kp  aperattag  a  Mltlplc  30 
point  sirpplog  avltck  saletcta  a  gravp  ef  16 
af  th*  600  data  pocautloMtan  partalalag  t* 
tka  slid*  aclactad.  Tkla  prwvldaa  aslMtk, 
alsvatloa  aod  rsag*  data  for  sack  af  five  tar* 
gets,  and  th*  cant  for  tka  aactn  prokln,  Tka 
aenC  aelactloi  Is  doo*  autonatlcsllp  bp  tk* 
axlautk  and  elevatto*  data  datactare  akOM  la 
riAors  10. 

Tksa*  (’..tactor*  cMpsn  asksitk  aod  elavsttaa 
posit loa  signals  whlck  an  ranivad  froa  tka 
twrrat  with  tin  atoiad  caara*  Mkoatk  aad  elavs* 
tloa  data  ol  tha  'Ivi  target*  am  tk*  projected 
elide.  The  aelvjtn  lodlcat  r  kn  kan  aodlfled 
kp  ts*  Ineerttoa  of  cw*  gears  a*d  Cw*  peteatlo- 
Mter*  to  pick  op  turret  pMftla*.  A  etwllar 
change  hac  bean  aad*  ta  .tick  ^  alevstloa 
alevatloo  froa  tke  range  ftadac.  Mkaa  tk* 

Catret  aod  gun  pool*  low  slgaala  an  doe*  to 
tka  stored  data  signal'  ef  aap  tae-get  oa  tk* 
slid*,  th*  atorad  tn*  raaga  data  frr  that  tar¬ 
get  le  fed  tv  tk*  seprieg  Lpitn  aad  atkac  cm- 
paaanC*. 


All  raaga  data  valtaga*  vary  e*  a  raetpraed 
ef  rang*  ta  panlt  rn^irtsM  with  tha  ranga 
ftadar  entpat  which  la  ala*  a  raclprecsl  af 
taag*.  Tk*  loputs  t*  tha  oaaipwtar  ataj 

1.  Twmt  aalMtk 

2.  An  or  raaga  flsdar  alauattaa  <taka*  Itaa 
tka  raaga  caryawaatar  sarve  sactlaa  af  tk* 
rang*  ftsder). 

3.  lasga  ftadar  aetlaatad  rang*  a*  s  raefpeae 
cal  fuactlaa. 

4.  luparalevetloa  aagl*  a*  caaputad  bp  tk* 
rang*  fladar. 

3.  Tk*  balliat Ic-aaeowaltloa  sattlag  ef  tk* 
rang*  flsdar  •  (tskaa  fr«*  a  petaatloMtar 
located  la  tbs  nag*  fladar  which  tskn 
tU*  *M  ei  tk*  MOMltlea  aalactor  kaak 
pesttlea  and  tka  kelltatlc  corrsctle*  haek 
pealtloe.) 

Tka  rang*  finder  auparalawnttoa  nagla  la  fad 
through  etsBlng  reslstnrs  to  tk*  buret  slavatlaa 
and  tracer  slevaclo*  actuos.  At  tb*  lap at  ta 
tha  tiacer  alavatloe  saiuo,  tk*  ranga  fladar 
auparelevatioe  angle  la  auMtd  with  tk*  ballistls 
corractlon  and  awminltloa  OMkar  signal  s^ 
with  tb*  posltlv*  feedback  signal  fcM  th*  trscar 
elavatloa  at  rvo  dr  In.  Tk*  rang*  ftadar  awpar- 
elavatlon  aagl*  signal  la  also  staned  with  lb* 

' rua  auparaltvatleo  aagl*  signal  and  th*  poaltlM 
■eadback  signal  froa  tha  burst  slsvatlsa. 

Tk*  trua  range  signal  oapraatad  aa  a  nclprocal 
1*  lad  to  four  unit*  of  tba  tralaer  as  fallani 

1.  Tba  raagt  finder  optical  ccapeoeator  trM 
rang*  eerve. 

2.  The  true  eupettlsvatln  coaputor  tm  ranaa 
rang*  eerve. 

3.  Tka  over  rang*  pkaea  datseter  (Ihowa  is 
rtgur*  U  >. 

4.  The  under  taag*  phaa*  datactor  (ShcM  la 
figure  II ). 

Tk*  true  rang*  algasl  la  rapeatad  kp  tk*  taed- 
bacl  rstentloMtar  o*  tka  suparslsvatlow  tn* 
raaga  servo  and  la  fad  to  tba  alalag  tolaranca 
aelertor  avltck**  la  two  fom  (fkas*  A  aad 
^haea  6),  Tkla  aahae  tha  alat/ig  tolaranca  volt- 
kga  a  reciprocal  iMCtlea  of  rang*  with  large 
sialsg  tolsrancs*  st  smII  rsagas  sad  SMll  sla- 
fng  tolsrancaa  st  Isrgs  rsagss. 

Asiauth  and  slavstloa  slghtlsg  error  ts  ebtalasd 
froa  tb*  targ  tracker  spnekro*  which  gaasrata 
voltagas  proportioaal  tw  lb*  aliktUg  arnr  aad 
of  the  proper  phase.  The  sighting  arnr  voltagM 
at*  fad  through  two  aaiautk  and  tw*  alavntto*  phi^ 
datactor*  sad  eoapartd  with  tka  voltagas  rapr^ 
acntlng  tba  telaianca*  sat  la  tm  tb*  ceasola. 

Tk*  true  supaialavatioa  coaputar  la  akawa  la 
flgur*  12.  It  kaa  two  lapats,  ractprocal  of 
true  raaga  and  balllstlt  carractloa  aamsitlaa 
ih#  asM  aa  tka  iralaar  rang*  finder. 


Tha  coafata*  oparttaa  aa  tka  aaaa  fvtaclpla  aa 

tha  trataaa  ranta  fladar  aaiat  a  kallUtlc  c«b 
laantleal  wltk  that  «f  tha  raaga  Ma^ar.  It 
caa^aa  tt«a  auparalavactaa  i^lak  la  t*4  ta 
tha  bant  alaaatlea  aarw  tymttm.  It  alto  cair 
putas  tha  rradact  of  aafarolaaattaa  aatla  aat 
cant  angla.  ThU  pradact  la  tat  ta  tha  harat 
astaajth  satvo  tbToa|h  a  eaalat  aaatatar.  lha 
hunt  tiaa  aat  ttaear  ttaa  an  alaa  caapatat  han. 

Maaj  of  tha  aora  coaTaatlaaal  ctrcattry  tana* 
tlooa  aach  aa  chackout  proeatwa.  aparatlea  of 
tha  pbaaa  tSctattara.  tatalla  at  fha  tati  atarapa 
ajratoa,  opcrattoa  of  cha  targat  aalcctat  aatuaaea 
to^lcator  ara  oat  dasulhot  taa  ta  ttaltad  apaaa. 

Coocloatona  -  Tha  aaraol  faataraa  of  thla  traiaat 

ara: 

1.  U  la  tha  firtt  apothatlc  taolca  for  tcala* 
lot  taak  turrat  cravaaa  la  alt  fhaaaa  of  turrat 
oparatloo  with  ablllcj  to  cha  A  md  avaluata 
parforaaaca. 

1.  Tha  uaa  of  a  tarjat  trachar  ta  aacahllah  aa 
accuraca  rafaraaca  lloe  frou  rafaaaaca  4ata  aa 
a  flla. 

3.  Tha  uodltlcatlon  of  a  ctanaacapte  raapa 
flndar  to  ranga  oo  phatatraphlc  tarttta  pto* 
Jaetal  au  a  acraaa. 

Craltt  >  Appraclattea  la  aataatail  ta  Kr.  Joha 
Caaball  aad  Hr.  Daaa  Hanalat  /at  athact  ai  tha 
Jaa  Kaatp  Oitaaliatloa  (ar  UmIc  aack  to  tha 
daatfo  aat  tavalopawat  a(  thla  aatpaa  trataar. 

Aiilutooal  latorma-.toa  •  Atttthaaal  latoraatloa 
oa  thla  tralcar  la  (Ivaa  la  V.  t,  haaal  Tralalat 
Dcvlca  Caotcc  Halotaoaaea  taa^aat  (ar  Davlca 
3T1,  «aVf^iC»<r-lUk. 


W  tl  M 


Oar  O*  “J** 

Mi  th«  pl«Mts,  Mi  la  4w«lof  aclMtlf- 

le  kmloda*  •kick  oar  lui  M  Mi 

•llttMT  oMiatloM  ala***  -lanlaikU  tai«  U 

•  ck«llM««  T*^iarli«  ooac  cxMdM 

of  Mtoaeo  Mi  toehaolofy  »!»  fova  ta 
conai  olth  raoota  kaDdllag,  lAtefc  la  aaaa  of  Ika 
— j  dtoclpllMO  ablck  eollaetlaolj 

■aka  19  "Spaca  lacknolosf** • 


Lac  ua  i^roack  ckla  proklaa  la  a  aora  gaoaa* 
alltad  aay,  and  lot  ua  aaaiaaa  tkat  tba  aopMatlaa 
LaCwaaa  tha  haaardoca  araa  aai  tha  aafa  araa  ta  aa 
graac  tkat  CoaflUa  taela  caaaot  ka  aaai.  Ikla 
caqultaa  ua  aquaraljr  to  faea  tka  proklM  oi  Bfar 
aclot  la  araaa  uhlch  ara  laaceataibla.  Ikla  la 
aoMtlMO  doa^  by  prorldl^  tha  oparataa  vlCk  pra- 
tactlva  clotklBd  outtabla  t»  tka  awrlroaaaat  1 
Daap-aaa  dlvlai  aulta  oarm  tkla  parpoao  la 
undcntacar  amlTODMaC.  Koaokla  Taraooaal  aklaUa 
aay  bo  uoad  io  oucloar  analrooMata,  aad  tka  apaoa 
ault  of  aclooca-flctloa  la  oftaa  fcapoaoi  foa  tka 


Itodan  laoeta  kaadlloi  tachaelacy  la  kolas 
cToatoi  by  a  cooklaatloa  of  alaetiaolc  eoaWal 
..(laaaTlat  aa  daaalopad  for  galdai  alaalloo  a— 
radar,  of  btoua  easlnacrlat  aa  iaaolopad  (aalaly) 
lor  olcoralt  cockpit  daalsui  «*  raooU  kaadllas 
aa  tha  nucloar  laduatry  la  boglaalad  to  1*. 

ploj  rntmuoM 


Nocblua  aai  oyalMO  cm  oow  bo  built  iklch 
oaabla  a  aao  to  wrk  la  m  araa  i*lch  ha  ctoaot 
aocor.  Sock  ayocaaa  haaa  ouMrooc  appllcaaoaa 
ta  opoca. 


Tbo  oa*  tachaology  of  toaoca  hoadltag  aai^ 
oporocloo  to  kaaardouo  aroaa  la  oollUlootly  a»- 
iMlllar  aa  to  Juatlfy  a  proltolaary  dlaeuialoa 
and  a  f«»  baale  daflaletooa  bafora  oxplortog  la 
aora  dotal  tho  applleatloaa  of  thU  tachaology 
to  opoeo  prograaa. 


la  mat  gaaoTal  taraa  eooaldar  Flgat* 
ahlch  about  a  haaardoua  uoa  la  «Ai<k  00a  daalraa 
to  parfoca  aooa  oparatlom.  Ihla  oroa  may  ba 
haxardout  dua  to  lack  of  air,  tha  praoaaca  of 
auctaar  radlatloa.  to  Ugh  taaswratura,  or  to  My 
ether  clremotaaeo  uklch  odooa  It  lapoooUlo  foe 
o  oan  to  ootot.  The  eporotlMa  ropiUoi  ooy  ko 
ooaally  bcoodly  eooaldaroi.  ^UoUyt  1* 
mcoaaary  to  craaolato  objocta  froa  om  pralttoa 
to  oaothor,  to  oporota  toolt,  amh  oa  acvou 
drlvara  or  wraackoa,  or  to  oparoto  maourlog 
aaulpocat  cl  oaiiy  klodo.  Ctuolly.  fUad  obsta- 
claa  ara  ceataUH  vlthla  tho  haaardoua  araa, 
llaltlni  tho  froadoa  of  mttoa  of  toy  ogulMaal 
coBtalood  tharalo. 


A  typical  probloB  la  tkat  of  rm^lag  a 
apazk  plug  froa  a  aodara  oattmokllo  oaglaa. 
Vltuallio  tho  ro<iulremato  upca  a  oachMlm  '*ltk 
caa  do  thlo  If  tha  aotlrt  autoaokllo  la  coatalaad 
vlthln  a  haaardoua  araa  uklck  caomt  ha  aatarad 
by  peraoiOMX* 


lo  tka  paat,  probloaa  of  thla  typo  haoa  uao- 
ally  hocii  attacked  by  tha  aao  of  loag  tooge  or 
foTcapt.  Sooio  ol  tkaao  bauo  ktccai  OfcU«ly 
cooplea  and  lurra  aoployad  hydraulic  or  alaetro- 
aachMlcal  actuacora  to  aupplmaat  Iko  phyaUol 
atrongth  of  tho  oparator.  ill  aoeh  daulcaa  ooy 
ba  cooalderod  aatcoalona  of  tka  om  a  araa,  aai 
tha  aaa  htuaolf  la  yiaoallaad  oa  Jaat  oucalia  tha 
haaaziour  araa  ani  poaaibly  protictai  frm  It  by 
a  aultabla  barrier  or  ablali. 


apoco  anrlroMint. 

la  all  aueb  caaos  ua  flai  that  ao  houa  act>- 
ally  not  ooluad  tha  prrblto.  Wa  houa,  oa  tha 
contrary,  oaroly  tbaagoi  tha  gaomtry.  lha  aafa 
araa  ta  oou  contained  vlthU  the  knaardouo  araa. 
but  tha  operator  ta  otill  eoparatod  fr<»  hlo  uoik 
by  hla  protective  oyitca  end  awal  uoo  loag  tooga 
rather  then  bia  own  haada  tor  aanlpulacloa. 

froa  tba  viewpoint  of  oolvlng  tha  fuadMom 
tal  probloa  of  oporatlng  within  M  tnoccaaalbla 
ao  woll  aa  harardoua  area,  lot  ua  analyte  a  om 
aa  a  handllod  ayatea-  for  thla  purpoaa  we  aoy 
Igoora  many  of  hla  aora  lotoraatlng  attxlbotaa 
and  note  that  Jutt  four  Interrolatad  ayataaa  ara 
Involved.  Thoee  aay  ba  Ideotlflod  briefly  ao  hla 
brata,  hla  eyca,  hla  haada,  and  hla  feat.  Mora 
■otloualy,  the  eyee  and  the  aenaoty  aarwoua  aya* 
tea  provide  Information  concaralag  hit  aurvoMd- 
logt.  lha  hindt,  at  eontxellad  by  lha  ooCor  nar> 
voua  ayatea,  ara  able  phytleally  to  aovo  objocta 
ao  deolrod.  The  foot  and  lego,  coatrollad  by 
their  oepertto  aotor  mrvoue  eyotoo,  eaabla  tha 
ontlra  orgealM  to  aove  ehout;  end  finally,  tka 
brain  aoocabler  aad  orgaliao  ell  iheea  data  aad 
dtrecto  the  actor  ayateaa  aa  rapilrad. 

Ihe  three  functlaaa  oyabol lead  by  oyoo, 
hendi,  end  foot  nay  raedlly  ba  axlaadod  by  aodara 
elacCroalc  oaoDa  ovar  aay  deelrad  dletamo.  la 
thlo  way,  a  aaa'o  aanaoo  wd  bio  ability  ta  ae- 
coaplloh  uooful  work  aay  ba  axcendod  to  any  dla- 
ranco,  while  bit  brain,  lislcb  cm  ba  dupllcatad 
by  no  oalotlag  coaputor,  roaalna  In  aoraly  ami 
coafort  at  any  daalrod  locatlM, 

Thla  alapla  comapt  la  tha  baala  of  tho  nan 
tacbnology  of  roaota  baodllng.  Kaaota  handllag 
ayataaa  ("lloboti")  ara  not  to  ba  loubod  upoo  «a 
ccapacltlva  with  Man-ln-Spata;  rathar,  tha  affac» 
tlvo  uclllaatlon  of  auch  ayatoao  will  IncraoM 
tbs  ability  of  tha  bm  to  accoi^llah  foactlooa  la 
apaca.  Ibis  popar  lo  cooesrood  priaarlly  with  a 
prallalaory  eutllaa  of  woyo  la  uklch  tka  coacapt 
of  roc»ta  handllag  ayataaa  cm  ba  Ofpllad  ta 
aoToral  roallatU  apaea  altwatloaa. 


inalvala  of  Canarallaad  laaota 


A  block  dlagTM  of  a  goMTallaad  xaaeta  haa* 
dllag  ayataa  la  gtvM  la  Plgora  1.  It  la  daatr* 
obla  to  coaaldai  Ikla  block  dlagrM  prior  to  cm 
aldarotlon  of  apoclflc  apoco  oystaaa  la  ardor  ta 
clarify  tbs  oavaxal  fMdMamtal  oyobma  of  tdrlch 
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tytttm  wtt  b«Llt«  rtd  1a  or4«r  t»  cIa*- 
ify  th«  cABlAMrlag  AAflyMt  r^^ulTAd  far  ^aaljA 
of  auck  ayarioa 

Aa  Astoi  aAora*  r—rta  kanAllog  ajratoM  oro 
arClficlAl  cataniioaa  of  oan'a  aaaaoa  and  Aaaclaa 
onr  aooaidarabla  dlataacaa*  So  ordar  Co  occoA 
flltli  ia  additloo  Co  tba  a7accAa  ahlck  dopti* 

cau  tbo  MAsai  and  dw  Ausctaa«  a  link  miat  ka 
provided  ocCuallp  Co  brld^a  tha  phTalcd 
CMaaa  tha  Aao  and  cha  rMota  oachlAa*  aoi  a  cam* 
Crol  coosola  auic  ba  provided  «rtch  idiiek  tha  am 
cnawinlrataa  with  cha  rcAOta  oaehiAo* 

All  of  chata  ara  elioM  la  flgura  t  am  iadl* 
vidaal  bloeka  la  Cha  ayatoA  dlagraA. 

Aa  a  fax  Char  addlcloia  to  tha  vocabulary  «d 
Chie  topic,  tha  Coia  'Vobot"  baa  beca  colnad  to 
refer  to  the  aoblle  xeaoca  porcLoo  of  Cha  ayacc^ 
Hobete  ara  ■achenlcal  uaiCa  eod  ara  tba  aMtc  coA* 
aplcuoua  pordoa  of  rooCa  tuodllOA  ayaccAa  la 
Action.  Ooa  baalc  paTcbologlcal  obaervatioa  cdA 
ba  Alda,  oaaly,  tha  aaae  vlth  ^dilch  a  HoboC  a^ 
aracor  learaa  to  Idaetlfy  himaalf  vltt  tha  Mob  at 
aAd  to  forfat  cha  a&ltteaca  of  C*^  lotarcoenactiAp 
syatcAa,  Ihit  paycholoAlcal  Idaoclf  Icatloa  ap- 
paara  oo  be  a  bMle  oeceaalCy  of  aacceaafoi  opar* 
atloo  of  fally-'raAota  hahdllAC  ayateaa. 

Let  tta  coexaider  briefly  the  requlraTnta 
tfpOQ  the  aeveral  baalc  aubayataAa, 

Haade  and  Araa.  Tt  aeasa  Ijapoaalbla  Co  avoldl 
Cha  snchrcipaHorphtc  tarma,  haoda  aod  araa,  to  ra- 
fer  to  the  ABaipulttlag  devicea*  la  feaeral, 
however,  cheae  do  oot  apuctx  raaAdxta  h\aua  baada  or 
arma,  but  ara  dealgoad  apaeifUalty  Ca  perfoxA 
taaka  aa  casNUed.  It  ia  extr'raly  difflcalc  to 
rlva«  Che  varaatllicy  of  cha  husuA  hei^.  Howevar, 
apa< Ul'parpoaa  hendUra  caa  uaually  oat*perCorA 
CLa  hABAA  haad  lo  elthar  dcxtarlty,  atraagch, 

AAall  alsa,  or  cthar  apeclfle  attrlbutaa^  Xo  ad- 
dlcioa  to  hsTlAf  aufficleot  atreogrii  to  hasdla 
Cha  aaaLcAod  toaka,  Hobot  Aanlpvilatlpg  ayateiA 
mut  be  abla  to  vork  la  the  praacAca  of  obacaclaa 
and  to  perform  cooler  aod  latrlcata  aoCloAa*  la- 
Maher  Che  outoAoblle  apark  plug  at  a  typical  ap- 
aratloo  which  ooa  might  vlab  CO  rcooClae. 


^ita  AdafaaCa  for  thia  ayataak 

LocoADticA.  ta  ordar  for  cha  Itobet  to  Auva 
fraaly  about  ia  epaca,  locoAoCleo  ia  beat  pravldad 
by  AoUllary  Jaca  aulcably  locacad  to  prorlda 
craAaUCioA  and  ratacioau  Oa  Iwaar  at  plaoafary 
aarfacaa  lacoAocloa  aay  ba  proridad  by  eoAvr.atioA 
ai  vbcala  or  by  quite  uneoTcairf fwial  valklag  da- 
rteaa  vbicb  bacaao  pracclcal  vlth  Cha  uaa  of  Mabod 
caatrol  elrctaihry.  for  operaclaA  Ia  and  ara«d 
larpa  aatallitaa,  loccnoCloa  ia  readily  obtaiaad 
by  graaplng  hand-luftlda  or  other  pruCubarancaa  with 
the  aAte  area  utiliaad  for  baadllAl  opc.'aCioaa. 

"d  and  Data  _Llnk.  Tht  a  IIjA  ie  tha  co^ 
■aaicacloa  bacvaaa  cha  oparaCor  and  Cha  HoboC*  tl 
Aoac  obvloualy  ba  capabla  of  provi4lat  c^naad  la- 
fovAacioa  at  a  aufficlantly  rapid  raca  to  coarral 
Che  Hobot,  aad  of  traaaaltctas  aeaanry  data  froA 
HobaC  CD  operator,  again  at  aa  adoquata  raCa,  far 
ahorC  dlaCaacaa  a  cabla  Aay  ba  naed,  whicli  caA 
alea  aerva  to  Creaaalc  operating  poAtr  to  cha 
Hobot*  for  longer  dlateocea  coaveatloael  radio 
liaka  ara  aultabla.  CoDeldcradaAa  of  data  rata 
and  trade-off  betMen  bandwidth,  aatenaa  dlAoa- 
atoAo,  sad  powar  raqolrad  arc  Cha  prlaclpal  aya- 
C8A  rafulraaaata* 

power  lerulreAcata.  Prlaa  potat  for  Cha 
Hobut  ia  ayatcaa  utilising  cables  ia  uawslly 
broo^t  la  via  cable.  In  cca^letely  reaota  aya- 
teaa  i.tlllsing  radio  cciMand  and  data  link,  priaa 
power  Asy  be  furniahad  by  any  of  cha  faadllar 
power  aourcaa.  Ihe  aelectloo  of  m  approprlata 
aoMce  la  of  course  etwtbar  basic  step  ta  tha 
over-all  systen  design*  kadloactiAo  power 
aoarcea,  such  aa  cha  *’SHAf"  aeries,  ara  particA- 
larly  aj^oprlata  for  aaall  apaca  syacjaa;  a  ra- 
actor  aa^  ba  required  to  pe»w?r  larger  apaeh 
Hibara, 

Control  Console.  Ihla  is  Che  Ata-AacbLna 
tlalu  PrliKlpal  regulrMenta  Ia  Its  dcalga  ara 
operator  coAforC  and  coovenlence*  After  s  coa- 
sLdcrable  Icsmlag  period,  aa  cacpcrleaced  oyrr- 
ator  bacoMS  completely  uDowaxe  of  Cho  cooaola 
Aid  ow^Jcctlvely  identifies  himaalf  vlth  cha  Ho- 
bot*  the  coosole  must  ba  designed  In  such  masAtr 
as  tr  facilltata  this  IdantlficadnA. 


The  Semes,  Wbila  all  Cha  hiacn  aenaaa  cam 
rsthar  readily  be  ^rsnamlCted  via  electromie 
Aosaa,  visioa  la  the  aoac  inportaxit  by  far,  aad 
cha  ooly  one  which  will  ba  discutaed  la  this  brief 
Aulyala. 

Spatial  orlfrotatloo  ia  normally  eccompltahad 
by  a  variety  ui  Mthoda.  farallax,  acala,  rala- 
Cive  ooCLcm,  sad  the  ilka,  era  probably  aosc  hH 
portanc  of  these.  Binocular  visioa  1$  aurprlalag* 
ly  nalnpurCAit,  aa  demonstrated  by  chs  fact  Chat 
oaw-eyed  ren  are  but  llcrle  handicapped  lu  per¬ 
ceiving  apatlal  oticaCatioaa  in  their  viclaity. 
Based  OB  this  analyala,  excellent  auccasa  has 
heea  obtained  vlth  a  alnple  vision  ayataa  util¬ 
ising  two  tf  cAAraa,  aa  shown  to  Figure  3. 
lhaaa  two  cameras  show  Che  operator  two  nucual^ 
perpendicular  projectiooa  of  the  area  vlaved, 
froa  which  fan  caa  learn  to  deduce  the  spatial 
otiencatlon  of  all  objecta  wlchla  hla  vlaual 
field.  Inamlag  tine  of  a  few  hours  baa  provan 


In  order  to  dempoatrata  Chat  tha  concept  af 
a  fmlly-rcAoCe  mobile  raAote  hendilng  ayatcA  ta 
indeed  practical,  lat  us  refer  briefly  to  axpari- 
emca  vtCh  Hobota  for  the  Duclaar  amyiroMaat- 
One  auch  machine  is  Hobot  Hark  1,  riaown  ia  fig¬ 
ure  4.  Ible  machloa  vas  built  for  maa  la  a  an- 
cleer  radletioa  laboratory  and  has  AOV  demon- 
atreced  many  montha  of  auceeaaful  cperatlon.  Bo^ 
epcratlona  as  pouring  liquids,  opaAtng  and  clnalag 
doora,  operating  amall  power  tooln.  nad  Cha  Ilka, 
mere  readily  accoa^llahed  vlth  thin  Aarhlna. 
baaniag  tine  varies  tram  4-8  honra,  end  real 
facility  le  attainad  aftar  about  40  hours* 


Amochar  nuclear  Hobot  la  Hash  X-B,  aboM  ia 
figure  5.  Ihla  Hobot  la  deaigand  prlnarlly  fer 
ua^  in  mocleer  hot  calla.  It  la  a  modular  daelga 
and  cam  ba  aaseAhlad  ia  many  different  configmr^ 
tlome  Co  mast  dlffareat  raquliSACAAr*  lha  raaeoA 
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for  Momtloolat  it  hm  It  to  tbov  tnotlMr  tiripU 
of  0  luUy-rtMU  htadllQS  tjttco  hot  boon 

•oecootfvllj  opotttod  for  tot  tit. 

toollcttlont  of  Itof  Ktadlloa  Syttot  In  gpoco 

It  thoulf  bo  clctr  frt  tht  ptecoflog 
cotoioo  that  ^ar«  art  maoeroua  tppllcttioot  ia 
•poeo  progrtt  for  fully-roaott  ho^llfigt  tyotet. 
Ihoso  trt  cobulated  in  Pisoro  6.  lo  cootiderlac 
cbcto  tyaceat,  ouch  oatttrt  ta  tlalns,  ptylotd 
ovoilabtUcy,  ood  tha  liko,  ora  raiovant*  «a  voU 
at  Cho  ov«r*‘all  technical  potaibiLltica,  Thm 
lutkor  orbit  la  a  cccvenienc  dlvldins  lint  lor 
choaa  coBiiderationa.  Ihe  balanca  of  chit  paper 
vlLl  civa  aeparata  coaaldaracXoo  to  tha  applico* 
tiona  of  thata  ayacana  to  cia>luAar«  luaar,  and 
tra&a^luBar  applicationa* 

Clt’Lunar  Appi»cationa.  la  tha  apaca  be- 
tveca  the  oxotphcra  a^d  tha  lunar  orbit*  roMota 
haodllnc  ayateai  can  ba  applied  lo  the  tiaacdlato 
future  to  oalntenance  and  rapalr  of  aaiall  aatal- 
litaa;  and  in  tha  sore  distant  future*  for  aaaa%» 
biy.  oalntananca,  and  repair  of  lar^a  aaceillcaa« 

figure  7  shows  an  artistes  concept  of  a 
Robot  perfornlnt  ao«aa  routine  aialnteaance  fuse- 
tloo  oo  a  anall  aatellita*  A  oanned  oebitinK  ve¬ 
hicle,  auch  as  the  proposed  11AC«LAC  Space  Ferry* 
is  beln^  utilised  as  the  roncrol  point  for  thia 
functiocu 


aipora  atatiao*  at  ohlch  tiae  (hoy  eoold  praaoi^ 
Aly  baec  ba  cootralled  by  aao  in  tha  apace  ac»* 
tieo  rather  Chao  by  mb  ob  tha  yrewd 

toaar  Apoltcatloos*  ta  cooeldorlof  tmotm 
baBftIm  eyetena  for  lunar  application*  cho  tloB 
Mboialo  beconas  all  l^ortant*  Iba  daeolopBOBn 
of  rooDta  handling  syswi  ^Muld  logically  parol* 
loi  that  boAtter  reckata*  ao  chat  ae  tha  chrvat 
Mi  payload  available  IncreaMa*  rflasta  handling 
eyntMa  to  taka  advantage  of  It  «ra  availahln* 

la  Cho  iMirillata  future  it  will  ba  peaaihla 
Co  deliver  to  tlie  tuxface  ol  tho  neon  payloads  la 
the  vicinity  of  a  fev  hundred  pounds.  Iba  aelan- 
Ciitc  data  obtelaable  vlth  such  payloada  will  ho 
grnntiy  increased  if  encreaely  slnple  renota  bM* 
dltag  syatCBS  are  eaployad  to  sat  tip  Cha  inaCni- 
nenta  and  to  place  ao^lea  in  thM.  One  visv- 
alixes  for  this  purpose  aoaiechlng  llku  cha  de¬ 
vice  shown  In  Flgura  Ihla  coeCaios  e  single 
am  with  very  ilBited  notion*  intwoded  to  gather 
e  ample  of  the  lunar  auyfece  and  to  obtain 
sii^lc  data  coKaming  its  mchmicel  propertiae. 
'■ala  rudlnentery  Mobot  is  controlled  fron  the 
earth  by  a  radio  link.  Prelinlnary  calculation^! 
verify  thia  to  be  quite  feasible.  As  thi.  ptyl€>ai 
mailable  tnereaaea*  the  functions  acconpllthed 
by  the  Itobot  cen  correspondingly  tocreaaa  until 
^te  aophlatlceted  physical*  Betallurgical* 
chanieel,  end  ei*taraIogicsl  loacrteaenea  can  be 
enployed  end  aultsblr  amplea  gathered  for  each. 


Iha  •atelltcc  itself  skay  be  a  coewnntcatian 
natclUu,  a  weather  satellite,  a  seientiilc 
satellite,  or  say  tetelllte  perfonatng  function' 
of  this  type,  the  cost  of  vaich  is  sufficiently 
great  as  to  justify  iMintcnsnc'  by  such  p(*«ns. 

The  (Den  in  the  spsce  ferry  controls  the 
llnboc  tlirou^h  a  cable  of  ooderste  Icogth,  perhaps 
a  few  hundred  feet.  Thus,  tha  probLeaa  of  com 
Bsnd  and  date  link  sad  of  prim  power  are  rela¬ 
tively  sieple,  end  the  Hobot  can  perfom  rather 
cewplex  operacioos,  Such  as  replacing  vacuun 
tubes,  readjusting  circuits,  or  tha  like,  as  aey 
be  required.  Upon  coop'etloo  of  its  opcratlotka* 
Cbe  H(^t  detaches  itself  fron  the  aatallite*  la 
Bccurned  to  the  space  ferry,  and  the  entire  ays- 
ten)  returns  to  earth.  Iliia  conpletcl;  climlnatnn 
tha  Deed  for  a  spsce  suit  or  eepareble  capsule* 
while  at  the  sane  tiae  iocrcaalog  tha  value  of 
tiw  apace  ferry  pilot's  preaence  in  apacn. 

Tuminp  to  the  aiore  distant  fucvra  when  ig 
becooes  necessary  and  desirable  to  build  orbitiag 
plstfoms  too  large  for  ■  single  booster,  e  dif- 
fcrcckt  t/pe  of  Hobot  then  bccoooa  extraaely  use¬ 
ful.  As  shown  in  Figure  0,  thia  Hobot  can  re¬ 
trieve  large  objects  which  have  been  vsblrad 
scpsxscely,  can  bring  then  together,  and  actually 
Join  them  with  suitable  bolts  or  fasteners.  Hile 
opeisciop  can  be  controlled  frcTn  a  vanned  vchlcln 
«s  la  tlie  previous  discussion,  or,  altamatively* 
it  can  be  contr'>llcd  from  a  grcuod  station  util- 
iai^  coBouniciitloQ  sarellltea  to  relay  the  esm- 
asaskd  and  data  link  Infonnatloo  to  all  points  in 
Che  Hobot  orbit.  After  these  large  space  sta¬ 
tions  sre  ssseabled,  Hobots  are  ’.till  vaeful  Iji 
MBiy  and  all  operations  on  tho  outside  of  Cha 


Still  further  la  the  future  are  coe^leba 
Iree'SKrviog  Hobocs  which  tan  Bova  about  the  loaar 
marface  Independent  of  Che  delivery  vehicle* 

Siece  we  do  not  >ct  kiuTw  the  exact  uaCura  of  tlse 
lausr  surface,  it  Is  difficult  to  predict  tbe  a^ 
pearance  of  these  vehicles  at  this  tuae.  Ova 
pmaiblLity  It  shevu  1r  Flgura  10  of  aa  uncooveas- 
tioBal  Bethod  of  loc(m>ticB  suitable  for  eatrsBa 
ly  tough  terrain. 

The  availability  of  vehicles  of  this  type 
bspllca  the  possibility  of  delivery  of  BaCartvl 
to  tha  lunar  surfaca  in  e  BulClpllclCy  of  separ¬ 
ata  rockets*  axwl  utlllalng  Hobota  to  aaacBble 
cMplex  luner  Installetlooa.  la  other  words,  a 
InaBt  base  aay  be  possible  prior  to  e  yBimed 
laaar  lauding.  Id  this  connection*  It  is  ooto- 
wevchy  Chet  the  total  payload  required  for  a 
^aita  coMplex  I'lobot  may  be  considerably  lets  rtim 
mitred  toe  a  Ban,  partlcula.'Ly  in  view  of  the 
fact  chat  a  Hobot  will  Bake  no  ohjo:tloB  to  n 
Mt-vay  ccir- 

This  IndLcetea  the  Interesting  possibility 
el  pieperiog  a  luner  base  prior  ta  tha  first 
avBBad  lunar  voyage,  so  that  tbe  Ban  or  Ben 
Bsfca  this  Clip  will  find  eoaa  base  facilities  tn 
aid  their  Iftoding  and*  Best  laportaDtj  thaic 
Bn  to  earth* 

By  cha  aana  token,  nhe  esrailablllty  of 
•abets  will  greatly  Inrreeec  tbe  effectlveotae  ad 
(ha  Ben  who  B^e  tha  ea^l;  lunar  explorattona* 
aiBk#  It  will  eliminace  B»«  neceaaity  for  them 
Bm  to  leava  their  saf*  end  comfortable  rocket 
capvule  in  order  to  ai^  ere  Cbe  lunar  aurfeca* 
Mbeca  ^dilch  may  haw  b<=eB  txansaaicted  aerlles  by 
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nckata  vtU  anihta  th«  t»  gala  all  ifaa 
laforaatloa  daatrad  vlthoat  tha  atcaaal^  aC 
laaalng  tlwlr  aahlrla. 

Tlrana-?«a»ar  Apalleatleiia.  lha  appUcattaa 
«(  tlia  Hobot  coacapt  to  plana tary  •xpletatlaa  la 
auaawhat  dlffarant  doa  to  tiaa  aannamia  Haffaa 
tOTolvad.  Odo  faalt  oo  graat  raluctaaca  la  eaa> 
taapLaclat  a  lunar  comnd  and  data  lldkj  kai^ 
OTtr,  a  planataxy  oaa  doaa  not  appoar  faaalbta 
OTua  oa  a  20-21  yaar  tlaa  acalo.  Sowmar.  tfaboti 
ulM  undoubtadly  (lad  Chair  «aaa  la  planatary  aa* 
ploratloB  at  au^  tlaa  aa  aaimad  a^adltlaaa  aa 
pluatary  dlacancaa  bocoM  (aaalkla.  for  aa- 
a^la.  It  nay  wall  bo  aeaalbla  to  plan  a  trip  ta 
Halt  or  TaBia  la  uhleh  Cha  apaea  nhlp  orbica  iha 
plaaat  (or  a  parlod,  during  uhlcb  tlaa  a  Hoboc  la 
ddllrarad  to  tha  planocary  aar(aca  to  axploro  and 
obtain  aclaatiric  data  uadar  control  of  Cha  aaa 
la  tba  apaca  thlp.  Opoa  ccaplatlon  ot  tha  ala- 
aloo,  tha  aon  would  iratum  to  aarth  wlchoul 
barl^  laoind,  Chua  coaaarvlag  cha  cooaldarabla 
aaount  o(  (ual  ra^lrad  to  Qatar  and  la  aaa  Cha 
planatary  aurfaca. 

lha  aora  dlataac  plSMCa  will  placa  aora 
aarua  daaaada  upon  ayaCaaa  at  tfala  typo,  alaca 
thaU  aCaa>apbcraa  aia  polaoooua  aad  tha  coapara- 
Curaa  axcraaaly  cold.  It  la  raaaoaabla  to  auf- 

chat  by  tha  tlaa  It  la  poaalbla  Co  roach  tha 
▼IclolCy  a(  Saturn  aad  Juptcar,  Hobota  to  axploro 
thalr  Inhoapltabla  turfaeaa  will  ba  ^ICa  practi¬ 
cal. 


tha  aooa  araa  ba(ora  payloada  ara  ada^ta  to  da- 

llwcr  a  aaa  chart  tad  latum  bla  to  oarch.  <hM 
racognlaaa  cha  political  and  paychologleal  walaa 
o(  actually  plarlag  a  awa  on  tha  anon;  raanta 
baadllag  ayataaa  and  Hobota  caa  axpadlta  hla 
rUal  thara,  aad  laprowa  hit  a((accl«aaaai  whaH 
ha  arrlaaa. 


k  Poaalbla  Tlaa  labia 


riBORl  1.  GBBUUZSD  BBOTI  BimDO  STiflOH 


lha  aararal  ayataaa  daacrlbod  abewa  haao  aa 

unavoidabla  $<laaca*f IcClea  (Itaor.  HmrCho- 
lata,  alt  4.*e  porlectly  pracCtcal  la  cha  aaaaa 
that  kaown  and  prom  anglnaerlng  pclnclplaa  aro 
utad.  Ibaaa  ara  ptograaca  which  caa  ba  aecoa- 
pllabed  by  diligent  appllcatloa  o(  Intnnaa  t<- 
(ort;  It  la  not  necetaary  to  porculata  otcbar  la- 
vaaciooa  or  aclenclflc  brcafcthrougha  to  oaawro 
auccaaa. 

Parhapa  aoat  algnldcanC  ta  (ho  dcaonaCro- 
Ctoo  chat  It  la  Indaod  poaalbla  to  par(cca  caa 
pier  opccacloua  wlch  a  aachaniaa  aloctroalcally 
llnkad  Co  a  aan;  Kobot  Mark  I  claarly  provoa  thla 
point. 


Iho  clan  rovulred  Co  dorvlop  nad  coaatcacC 
apaca  Hobota  ta  coaparobla  ta  that  rcsulcad  ta 
davalop  high- throat  booatora  and  tfao  ocfaar  aajirr 
conponeoCa  o(  a  apaca  rehlcla.  Una,  alnplo 
Hobota  can  ba  raady  In  tlaa  (or  loatruacocod  ao(t 
luoar  lanOlnga;  and  reraactla,  (roaly  aorlag 
Hobota  can  ba  coaqilatad  about  Cho  aaaa  tlao  Chat 
Cha  Decaaaary  payload  ot  a  (aw  thouaaad  pouadr  la 
arallibla. 


■atardoan  Cbnn 


In  evaluating  tha  algalftcaaco  a(  ranota 
handling  ayaUaw  la  azplorlag  and  drvaloptng  thn 
noon.  It  la  laportaat  to  cirarwHor  that  a  Hobot 
will  accept  a  ooa-vay  tlckac  to  Cho  aooa  (which 
a  nan  would  rnrobahly  ba  raluctaot  to  do);  and  It 
can  ba  daalgnad  to  oparata  la  vaewaa  and  ovor  a 
conaldarabla  ranga  of  cawparatura.  lhaaa  (acta 
pamlt  <ma  to  dtllvtr  qulta  a  vnraaclla  Itobat  ta 


fStU  2.  GUUUSD  atoci  nUORiM 


,W  Ihediin  araUm  (Cabla  Oomtrol  Typd) 


ricuBf  j, 


K>UT  Huit  1-B 


Fir.us*  *.  Slid  KMOT  JBSaWJW  rUTTOO: 


ricDRS  10.  raurtDt  <M  ldmi  snancx  _  kjuippad  vitx  H»bet 


A  rUMCTlONAL  DXSCRlPYiaH  CT  PIOKBBIT 
•y:  M>.  Paair.  01>Mr,  KJ^vrlmcatal  a^«c«  Px^j«ct«,  afM«TMkwIogT:.AborMoiia«,  lac. 


1.  onmcoocnoN  and  sauuAiiT 

Tka  Miaai«a  c<  tk*  IMoaaar  V  apaca  vakiela 
la  to  nnlaaa  apaea  out  to  tAa  maximum  ranga  of 
faoaaaa  coaunnalcatloB  (acilitiaa,  1b  tha  ran^  o< 
M  to  M  miUiOD  mlla  a.  Tha  payload.  lUuatratad 
faa  rigaao  1.  waa  launcbad  on  March  11  IMO 


V 


\ 


Tigura  1. 


Into  a  flaoat'Uka  orbit  about  tba  tvto  and  oa 
lJUy  5,  ICtO  la  about  7.6  million  mllta  from  tba 
earth.  Tba  orbit  oi  Plonear  V  will  carry  it  to 
paribeUta  on  Auguat  10,  1960.  at  a  diataoea  ol 
74.9  million  milaa  (rom  tba  aim.  At  that  tima 
tha  rrui^  from  the  earth  to  the  payload  will  ba 
47  mill  low  milea.  Thla  dlatanca  wiU  cootlnua  ta 
Incrfitae  tancil  tba  maxlreura  ranga  at  which  com* 
munlrafion  la  poaiibla  la  axceeded.  probably  la 
•arly  gay« amber  (aea  Tlfura  2). 
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Ptaaaaw  V  to  *b  Ugfataat  of  tha  thraa  pay- 
loada  totba  racatoAhla  aariaa.  9d.t  poanda 
compaxad  la  tha  MS  panada  of  Bj^lorar  Yl  and 
tba  MO  potaada  af  dhla-4.  Pienaar  Y,  heaaarar, 
carrlaa  no  px«palaia»  aqulpmaat  and  tbarafora 
a  graatar  propaaMan  of  Ita  walgbt  caa  ba  dawotad 
to  iBBtraohaadattok  Thia  iBatruunaiitatlon  con* 
alota  of  aaaatog  aod  ntaianrlBg  eqnlpmant  for 
tba  arlanUflr  lapaitoiiBta.  tha  TalaMt  mtlt,  a 
dopplar  traaaymdag  cooalatlBg  of  a  command 
racairar  and  tranHtota  r,  a  solar  call  powar 
coBvaralen  aytoam  tocladisg  atoraga  ba^artas 
and  cturrartsr  drcadtry.  acid  aasoctotad  logic. 

A  fonctiaBal  btoih  Aagram  of  tba  payload  la 
gtwsa  to  Plgnra  3l 


Ptgura  S. 

Tha  bumch  aailcli  waa  naarly  Idantlcal  to 
that  uaad  lor  tha  Ahto-l,  Explorar  VI  aatalUta. 
rirat  ataga  vaa  a  atandard  Thor  IRBM.  with  a 
modiOed  arropflm  centrol  ayalam.  Sacotid  ataga 
waa  an  Aerojet  AJ  19 lA  with  STL  autopilot  and 
radio  guidance  agplpanept.  After  aacooad  ataga 
burnout,  ala  ayta  mchata  on  tha  atoga  fired  and 
apuD  up  the  third  md  fourth  ategaa  to  approxl* 
mately  2.4  rpa.  TMrd  ataga  waa  an  Allegany 
BadUatlca  1  ahnratoa  f  Z43A4  aoUd  propalutat 
rochet.  Whaa  thto  ataga  burned  out,  at  aa  altl* 
tuda  of  spproalmatoly  221  nautlral  mllaa,  tha 
weblcla  velocity  waa  36,400  ft/aec.  Since 
aacapa  velocity  to  Ihla  altitude  la  about  35,5S5 
ft/aac.  both  the  pwytoad  and  tha  third  ataga  lah 
tha  earth  to  eater  wBiptlcal  orbits  about  tha  auai. 
although  whaa  payland  and  third  stage  were 
separated  20  niiiiatoa  later,  the  b11|^  velocity 
Increment  Imparted  by  a  teparatlon  aprlag  has 
caused  tha  two  itijii  to  drift  apart. 

21  STRUCXUU 

Pleawar  V  Is  aa  approximate  epharold.  26 
Inchaa  la  diameter  at  the  equator.  Your  radial 
extruded  alTirrila^  haami,  forming  tha  basic 
aupporl  atructura^  srigluata  at  an  apaa  at  tha 
bottom  of  tha  paySaad  and  lanulnata  at  tha 
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periphery  ol  central  platform,  which  is  coa* 
atructed  of  fiberfUee  honeycomb.  A  top  cover 
of  formed  ahcct  metal  turroonde  the  opper  eec* 
tioa  of  the  payload,  and  formed  abeet  cnetaJ 
panela  cover  the  lower  portion.  The  aheet  metal 
in  both  caaea  ia  an  aluminum  alloy.  AU  laatra* 
mentation  atiachea  to  the  central  platform,  clua* 
ter^d  ao  Car  aa  poaalble  at  the  periphery  to  In- 
creaac  the  roll  moment  of  Inertia.  Four  aolar 
ccllpaddlea.  attached  equidlatantly  about  tha 
equator  of  the  payload  at  the  pointa  where  the 
beama  join  tha  platform,  fold  down  about  the 
third -fourth  interatage  during  launch,  and  were 
relcaacd  and  locked  in  their  cKtcfwlad  poaltloe 
immediately  after  aecond  aUgc  shaldown. 

The  94.B'pound  weight  of  the  payload  break# 
down  aa  followa: 


Structure  and  cover# 

IS. 17 

Wiring,  potting,  and 
connector# 

l.U 

In  St  rume  nt atioo 

J1.5I 

^Experiments 

Batteriea 

17.20 

paddles  and  solar  cells 

10  2(> 

Temperature  control 
material 

0  70 

Dynamic  balance  weights 

1.74 

94.80 

3.  EXPERIMENTS 

The  scientific  apparatus  in  the  payload  ts 
designed  to  measure  three  types  of  phenomena 
in  space  tbioughout  the  life  of  the  equipment: 
radiation,  magnetic  fields,  and  micrometeorite 
density,  l^ocatioii  of  the  equipment  in  the  pay* 
load  is  shown  in  Figure  4. 

Figure  4a. 


J.  I  Radiation  Experimente 

Radsaltoti  ia  meaeurad  hy  two  acta  od 
experimente:  a  Univcralty  of  Minneaota  too 
chamber  and  Ceiger -Mueller  tube  a;*d  the  Uni- 
veraity  of  Chicago  proporlional  counter  tet«> 
acopc.  Thia  equipment  ia  deaigned  ro  determine 
the  relative  abundance  of  the  different  apeciea 
of  charged  particlea  and  to  indicate  their  energy 
diet  ribution. 

The  ioniaaiion  counter  in  the  Univeraiiy  ol 
Mtnneaoia  eaperimtni  ia  of  the  integrating  t)'pe. 
It  conaialf  i>f  a  four^irrh  aphere  filled  with 
argon  gaa  to  an  abeolutc  preaeure  of  appro=d» 
maiely  a;x  atmoapherea  Aa  a  central  quatte 
rod  collecia  elecirona  formed  by  ioniaing  radio* 
lion  in  the  argon  gaa  of  the  chamber.  Its  potca* 
tial  dropa  to  the  point  where  a  charging  pulee  ie 
actuated.  Each  pulae  from  the  chamber  repre* 
aenta  the  collection  of  approximately  10***  cou* 
lomb  The  time  interval  ia  determined  by 
allowing  two  ion  chamber  pulaea  to  gale  a  clock 
generator;  the  clock  pulaea  are  alored  in  the 
telemetry  unit  and  read  out  when  the  tranamittor 
la  operated. 

The  aecond  detector  uaed  by  the  Uolvcraity 
of  MinneacCa  ia  a  amall  Halogen  Geiger  Counter 
(Anton  Type  302).  The  data  la  handled  la  the 
aamc  manner  aa  the  ion  chamber  except  that  a 
ecale  factor  of  2'^  ia  uaed  and  the  time  ueerval 
to  reach  a  2^^  count  ip  mcaaurcd. 

The  proportional  counter  teleacope  provided 
by  the  Uoiveraity  of  Chicago  contalna  a  bundVa 
of  aeven  amall  proportional  countera  arranged 
aa  a  central  counter  aurrounded  by  two  aeta  of 
three  countera.  The  countera  ara  filled  with  a 
mixture  of  argon  and  methane  to  a  preaeure  of 
about  30  ceBtimetcra  of  mercury.  The  central 
counter  le  connected  to  an  amplifier  with  a 
threahold  of  about  1  millivolt;  the  amplifier 
operatte  a  acalcr  chain  of  2^^  The  outp^  of 
each  of  the  outaidc  groups  ia  applied  to  a  aepa* 
rate  amplifier,  aUo  with  t -millivolt  Ihreehold. 
The  output  of  all  three  amplificra  la  uaed  fo 
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•ctlvmt*  •  tri^-eolacld<M*  circuit  which  in  turn 
ia  applM  to  4  2*  acniar  chain. 

Aa  a  raauK  ed  thla  gaomatry,  rha  councar 
aanaitirlty  ia  alinaat  iaotrople.  A  alnglaa  avail* 
corraapo^a  to  a  charged  particia  travaralng 
ana  coutar  cotMar  and  antaring  tha  cantor 
countar.  Such  an  avant  ia  recorded  only  on  tha 

acalcr  chain.  A  triple  a  avant  corraaponda 
to  a  charged  pa  ticla  travaraing  one  outer 
countar.  the  canter  counter,  and  either  into  or 
through  a  countar  in  tha  other  group  ot  thrM. 

Such  an  avant  ia  ragiatarad  on  both  tha  2*'  and 
2^  acatar  chaina.  The  minimum  energy  retired 
to  penetrate  tha  triple  coincidence  countar  ia 
70  mev  for  pratooe  and  12  mav  lor  alactroBi. 

3.2  Magnetic  Fiaid  Meaauromanta 

Xhm  aaarch'Coil  magne'ometar  carried  In 
Pioneer  V  meaeurce  the  compunent  of  the  mag¬ 
netic  field  perpendicular  to  tha  apin  axia.  By 
making  ua«  of  tha  apin  of  the  vehicle  and  hno-vl- 
edge  of  tha  orientation  of  tha  axle  of  thit  spin, 
the  magnitude  of  tha  magnetic  field  through  which 
the  aatollitc  la  moving  can  be  deduced.  A  phaee 
comparator  which  meaaurea  the  phaee  i'al..tlofi- 
ahip  between  the  output  of  a  photodiode  eun 
ecannar.  or  aapect  indicator,  and  the  output  of 
the  magnetometer  permile  accurate  knowledge 
of  the  direction  of  the  fieid.  The  aenaing  element 
of  the  magnetometer  coneieta  of  a  mumetal  -mre 
wound  with  SOOO  tumc  of  No.  4  copper  wire.  The 
output  of  thia  eoil  ia  coupled  to  e  trantietoriaed 
amplifier  tuned  to  the  nominal  epin  rate  of  the 
vehicle. 

3. 3  Micrometeorita  Detector 

The  mlcromeleorite  momentum  epaetrometer 
for  the  Pioneer  V  ayetem  determinea  tha  timea 
of  impa.-t  of  mlcromateoritea  and  aeparatea  tha 
momenta  into  two  groups  of  different  energiea. 
Equipment  cooslila  of  a  diaphragm  on  the  pay- 
load  ahelt.  a  microphone  mounted  beneath  tho 
diaphragm,  ao  amplifier,  and  a  puiee  height 
analyacr.  A  particle  etriking  the  diaphragm 
tranafera  iti  momentum  inclaitlcally  to  the  dia¬ 
phragm.  and  the  100-kc  component  of  the  impulee 
ia  picked  up  by  tha  microphone  by  means  of  a 
pie tooicctric  crystal  which  rsaonales  at  tlua 
frequency.  A  two-channel  puiee  height  analyaer 
claasifias  the  amplified  pulse  according  to 
whether  it  was  produced  by  a  low  momentum 
(leas  than  J  X  10*^  gm-cm/aec)  particle  or  a 
high  momentum  (greater  than  that  value)  parllcia. 
Minimum  eenaitivity  of  the  detector  ie  about 
10'*  gm-cm/eec. 

3.4  Aetrcnomlcal  Unit 

In  addition  to  the  ecientific  results  mads 
poaaiblo  by  the  equipment  carried  ipeclfically 
for  that  purpose,  the  preclie  long-range  tracking 
data  will  permit  an  accurate  determination  of  the 
length  of  the  aatronomteal  unit.  This  unit,  tho 
acnnl-inajor  axis  of  the  earth'e  orbit,  is  a  basic 
attronomical  constant.  It  ia  the  unit  for  deter¬ 
mining  the  abaoluie  dialancet  of  solar  system 
bodice  from  each  other;  it  ia  t' '  bacia  for  tho 
parsec  unit  of  astronomical  distances;  Its 


magnitoda.  and  tho  dartvod  vahM  of  tho  aaMO  fld 
tha  auB,  aro  fundamaatal  to  all  aptaco  trajactory 
calculattooa.  It  la  fait  that  tha  AO  ia  aow  kaoM 
to  within  ahotd  0.04  par  coat.  TracMBg  of 
Plonaar  V  ovor  long  dlataacat  la  aspcctad  tw 
Improva  thia  vaiiaa.  Depaading  opoa  tho  laagih 
of  timo  vabicla  ia  trackad,  a  datarmlnatiaa 
of  tba  AU  to  withla  0.03  par  caat  or  battar 
anticipatad. 

u.  tNSTRUId£NTATIOM 
4.1  Comrauatcatloaa 

Transmitting  and  racaiving  oqolpiaaat 
within  tha  payload  pennlta  two-way  commual- 
catioa.  Tha  payload  tranamlttcra  (a  S-watt  mad 
a  ISO-watt  unit)  convey  telemetry  i^onaatlow  ta 
tho  aarth  and  a  hlgh-aaoeitivity  raceiver  pamaita 
the  rcccptioa  of  earth-transmitted  coramanda. 
Whan  intcrcoamactcd  caharently,  tha  payload 
roceivar  and  tranamlttcr  form  a  traatpoadar 
capablo  of  providing  both  ranga  and  raaga  rata 
information  lor  i'acking  the  payload. 

For  communication  to  tha  earth,  tha  trana* 
mittcr  accepta  an  RF  aignal  from  tha  payload 
receiver,  muitiplica  it  eight  tlmae  ia  fraqiieacy, 
and  amplifias  it  cither  to  a  S-  or  ISO-watt  lavat. 
(When  the  ISO-watt  tranemittcr  ia  operating,  tha 
S-watt  tranamlttcr  acta  aa  a  driver.  )  la  tha 
proceae  the  aignal.  whoae  frequency  ia  378  iriC. 
ia  phaao  modulated  with  a  1024-cpa  aubcarriar 
containing  the  tune-muitiplexed  pulaa-coda- 
modulated  output  of  tha  Telebit  ayatem-  Biphase 
modulation  to  employed  to  Unpreaa  the  telemetry 
output  on  tha  aubcarriar.  Tha  tranamlttcr  weigha 
about  aix  pourde,  and  Kae  an  efficiency  of  abom 
IS  per  Cent  when  opaialiiig  at  S  watta  and  about 
30  per  cent  whee  operating  at  ISO  watts. 

Two  meana  are  uaod  la  Piooecr  V  to  pro* 
vide  for  maximum  telemetry  and  trackiag 
information  during  its  lifetime  withla  ite  weight. 
p<7wer  generating  aad  ftorag*  tyrtema  «&4 
telemetry  eyetem  capabiUlicp.  The  two  troao- 
mittcr#  allow  use  o£  the  low  p<mer  S-watt  obU 
while  it  is  close  enough  to  the  eartli  sAd  thus 
ma^cimise  the  transmittlBg  time  wlthlo  tho  power 
system  capabilitieSs  Tbs  high  power  ISO^wott 
transmitter  can  be  used  In  lieu  of  tbs  5*watt 
transmitter  when  rang#  becomes  sufficiently 
large  to  prevent  ground  stations  from  rocslvisig 
data  on  the  low  power  unit.  Traoarolsslon  timo 
is  reduced  accordingly,  although  up  to  the  poiad 
wbore  the  150'watt  unit  is  required  maalfiiuai 
transmitting  periods  are  assured. 

As  range  increases  bandwidth  coostralnto 
become  mors  evident  with  cither  the  S-  or  150* 
watt  trantmitters.  By  using  a  digital  lelerDetry 
system  It  IS  possible  to  narrow  the  inlormatloa 
bandwidth  by  dropping  tbs  in/ormatioa  bit  rata 
from  M  pulsea  per  second  to  0  pps  and  finally 
to  t  pps  with  increasing  range. 

The  vsrlstions  in  transmitter  output  power 
and  Information  bandwidth  are  accomplished  by 
ground  command  and  all  combinations  wall  bo 
v:scd  during  the  active  life  of  Pioneer  Y  to  Lnsoro 
that  maximum  channel  capacity  aod  traasmissioB 
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tkt»m  !• 

F«r  c«mm%iAicfctio«t  from  earth  to  the  pay¬ 
load  a  commainl  receiver  is  employetl.  The 
coomomiA  receiver  is  a  transietorised  doobU- 
ccavereieM*  pha«e-lock>loop  receiver  which 
prodecee  a  coherent  outpui  at  2/1?  of  the  re¬ 
ceived  frequency.  It  can  be  operated  with  either 
a  2Sd  cpe  or  a  40*cpe  bandwidth  at  thres^ld 
aeasalMatee  of  -1)0  dbm  and  ~ivCdhm«  respec-> 
tivciy.  The  receiver  operate#  coolinuouely  and, 
since  ha  bandwidth  ic  considerably  leaa  than  the 
eayected  long  term  drift  of  its  oomiaal  frequency 
phM  fiegoency  uncertainty  of  the  received  signal 
including  dcppicr.  it  repeatedly  sweeps  over  s 
range  ci  4v  h*.  io  wideband  and  18  kc  io  narrow^ 
band  searching  for  a  carrier.  Sweep  period  is 
to  'wcoods  for  wideband  and  three  mioutes  for 
III  iiiehisd  When  the  receiver  acquires  and 
locks  en  a  signal  from  the  earth,  sweeping  ftopo 
and  the  receiver  can  then  accept  any  of  eight 
poesihle  commands,  as  lollowsi 

t.  Transmitters  o0 

2.  S-walC  transmitter  on  at  64  ppa 

).  5-watt  transmitter  on  at  8  ppa 

4.  5-watt  transmitter  oci  at  1  pp# 

5.  Separate  Stagei  tn  and  tV 

4.  Receiver  narrow  band 

7.  i50-w«ct  transmitter  pistes  oo 

R  150-watt  transmitter  filament  oo 

Stputls  from  the  earth  to  the  payload  are 
transoisited  by  using  a  high-power  carrier, 
pfaase-esodulated  with  a  S12-cps  subcarrier. 
Ampfitode  modulation  of  the  subcarrier  with  a 
coded  train  of  13  pulses  provides  the  required 
information  to  the  jiayload  command  decoder. 

The  tl  ptslses  Consist  of  one  sync  pulse,  sia 
informstioa  pulses  and  six  parity  check  pulses. 

The  ground-to-air  communication  capabilKy 
is  showw  in  Figure  S  for  three  STL  ground 
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Figure  5. 


etsHoos  ttsiskg  40-  or  250 -foot  parabolic  dishes 
aad  fUsiac  helical  array*.  Crouad  traneminar 
power*  of  250  watte.  1  kw.  5  lew.  azsd  10  kw 
compsdlble  with  the  ground  siallon  capabilitiee 
are  also  defined.  A  3-dh  circular  polariaatiow 
lose  is  iactudfd  ou  all  curves;  in  Manchsater  a 
rotatahls  linear  feed  is  available  which  can 
effectively  in^rove  the  conunwicaliosi  capability 
ehosm  on  the  curve  by  3  db. 


The  air-io-groued  conwnunicatiop  capability 
ie  ebosm  in  Figure  6.  The  curves  are  plotted 
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Figure  4. 

lor  three  typical  gre*\nd  station  antennae  with 
two  payload  truismitter  powers.  The  ground 
receiver  carrier  Ibrcshold  of  -160  dbm  has 
been  achieved  and  the  curvet  include  a  3-db 
circular  polarization  loan  wt*ich  can,  ir  ^he  case 
of  Manchester,  be  improved  with  the  rotatable 
linear  &ed. 

Actual  measured  payload  radiated  power 
levels  were  used  in  calculation-  The  radiated 
power  was  3.15  watts  phase  modulated  at  one 
radian  in  the  5-walt  case,  or  4  35  dbm,  and  85 
watts  in  the  tSO-wsU  case,  or  449  3  dbm.  Ths 
carrier  level  has  been  reduced  by  1.8  db  in  tbs 
curves  to  compensate  for  the  power  contained 
in  the  eidebaade. 

Tracking  data  has  shown  that  the  curves  are 
within  approaimalely  I  db  of  actuality. 

The  Telebit  digital  telemetry  system  accepts 
both  analog  and  digital  inputs  from  the  various 
experiments  and  payload  transduesra  for  proc¬ 
essing.  This  system  converts  the  information 
into  a  word  format  shown  in  Figure  7  and  eequen- 
tially  reads  out  each  word  in  aucceaaion.  The 
output  of  the  telemetry  system  is  a  biphase  modu¬ 
lated  1024-cps  subcarrier  which  is  then  directly 
phase  modulated  on  tbe  carrier. 

The  binary  output  of  the  Telebit  system 
occurs  at  a  syrtchronous  rate  and  Is  composed 
of  repeating  seta  of  frames  of  words.  For  Ibis 
payte^,  eight  words  per  frame  ate  used.  One 
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word  oi  each  frajn*  1*  ut«d  a*  &  frame  eync  and 
it  re»d  cut  at  aU  terot^  while  the  balance  of  the 
word*  arc  coded  with  the  digital  rcpreecntatioe 
of  the  input  infoimalioo.  £ach  word  contain#  12 
puliee.  The  firet  two  pulaee  (for  u\formatioD 
words)  arc  always  coded  the  tame  (ee«o«  one) 
and  define  word  aync.  The  other  10  pultoe  may 
tahe  on  any  cornhLnatior.  of  binary  valuee  to  rep- 
retcnl  a  number  from  0  to  1024. 

A  I2«bit  combination  binary  counter  and 
•hift  regitter.  referred  to  at  a  thtfcing  accu¬ 
mulator.  it  provided  for  each  word,  pultet 
from  the  digital  type  of  meaturement  are  applied 
directly  to  ‘be  counting  input  of  a  thafting  accu¬ 
mulator.  while  an  analog  input  it  applied  to  an 
anaWg-to-digital  convetter,  whote  output  it  then 
applied  to  a  thiftlng  accumulator.  An  electronic 
commutator  running  tynchronoutly  at  the  word 
rate  gatee  12  thiit  puUet  to  each  thiftlng  accu¬ 
mulator  during  one  word  interval  each  frame. 

These  thlft  pultet  cauee  the  Information  la 
the  ohiiting  accumulator  to  be  delivered  to  the 
biphaaie  modulator,  and  at  tbe  tame  time  the  emt- 
put  of  the  digital  thiftlng  accumulatort  It  re- 
turoed  to  the  input  to  that  after  12  shift  puUee  the 
stale  of  the  ihifting  accumulator*  ia  exactly  ae  it 
beg»A,  The  output  of  all  of  the  thiftlng  accumu¬ 
lator*  arc  connected  together  but  since  only  one 
it  ehifting  at  a  time  no  interfere.Qce  results. 

The  conversion  of  analog  to  digital  informa- 
tiod  i*  done  with  a  digital  ramp  and  a  voltage 
comparison  circuit.  In  eeseoce,  conversion  re- 
t^t*  from  counting  the  number  of  etept  in  the 
ramp  below  the  level  of  the  analog  input.  The 
countiog  is  actually  done  la  a  shifting  accumula¬ 
tor.  just  as  for  digital  experiments. 

The  biphase  modulator  accepts  the  pulses 
emerging  sequentially  from  the  shifting  accumula¬ 
tors  and  ptod'ices  a  aubcarrier  whose  phase  ehifte 
by  ISO  degrees  each  time  a  one  is  Co  be  trans¬ 
mitted.  This  biphase  modulated  subcarrier  ie 
then  delivered  to  the  transmitter  for  phase  humIo- 
latiow  upon  the  carrier. 


Tbs  polMt  which  cauee  the  •lectronSc  com- 
nrakador  to  step  aad  the  shift  reglstere  to  ehiH 
origmate  to  the  programmer,  axkd  the  program¬ 
mer  la  turn  receives  Ue  excltatloo  from  tbo 
maetcr  clock.  The  programmer  Is  equipped 
•withal  appUcatioa  td  an  outside  signal  from 
the  command  decoder  causes  the  pulse  rate  ci 
tke  digital  telemetry  ayetem  to  change. 

4.2  Power  Supply 

Placing  solar  cells  directly  on  the  eorfaco 
of  the  paylod’prssented  two  difficulties!  (1) 
the  available  surface  area  of  the  payload  did  not 
conveniently  permit  adeqxiatc  solar  energy  inter¬ 
ception;  (2)  temperature  balance  of  the  payload 
would  have  to  be  too  low  for  the  Intcmid 
iAsSruaentatlon.  An  early  decision  was  there¬ 
fore  made  to  locate  the  solar  edit  on  paddles 
eeleading  essentially  radially  from  the  payload. 
Tb^se  paddles  were  folded  within  the  nose 
fairing  during  launch  and  at  second  stage  bum- 
out  after  the  fairing  is  jettisoned  they  sprung 
out  and  latched  into  place.  A  total  of  4600  boron- 
diffased  silicon  solar  cells  are  carried  on  the 
•alellite.  Because  of  attitude  end  spin  consid- 
crationa.  however,  only  about  1200  of  the  colar 
cells  are  receiving  solar  energy  at  one  tim*. 

‘The  payload  storage  battery  consists  of  wo 
packs  cl  14  nickel 'Cadmium  cells  each.  Part 
of  the  power  deve\o^»ed  in  the  solar  cells  is 
immediately  consumed  In  experiments  and  the 
receiver,  and  the  charging  rate  of  the  battery  is 
thus  lessened  by  this  amount.  The  S-walt  trans- 
milter,  drawing  a  large  portion  of  its  power 
from  the  batteries,  has  been  operated  approxl- 
mauty  10  per  cent  of  the  time;  the  ISO-watt 
transmitter  can  be  operated  approximately  1  to 
2  per  cent  of  the  time.  The  nominal  power 
available  from  the  solar  cell  conversion  system 
is  about  1$  watte  when  the  payload  ie  near  the 
earth  and  about  24  watts  at  perihelioo. 

The  batterice  operate  nominally  at  16  volts. 
Since  this  voltage  is  Inadequate  for  all  of  the 
electronics,  a  series  of  static  converters  is 
employed  to  provide  a  variety  of  voltage  levels. 
An  tmder-voltage  control  ia  incorporated  which 
aotocnatically  removes  the  transmitter  load 
froca  the  batteries  in  c»»e  battery  discharge  goes 
so  far  as  to  threaten  to  disable  the  receiver  and 
tbos  prevent  the  payload  from  being  commanded 
from  the  ground.  In  addition,  the  under-voltage 
cootrol  assures  the  conservation  of  battery  life- 
lime  by  preventing  deep  battery  discharges. 

A  thermal  control  is  employed  on  the  bat¬ 
teries  which  reduces  the  solar  cell  charging 
current  to  the  batterlee  whenever  the  battery 
temperature  rise*  above  IZO^F.  Tble  would 
occur  during  long  period*  of  overcharge,  when 
the  baUeriee  cannot  be  drained  due  to  inaLUity 
to  command  on  the  tranamittere,  and  at  the 
same  time  the  Internal  impedance  of  either 
battery  pack  varies  sufficiently  to  cauee  an 
unbalanced  charge  condition. 

4.1  Temperature  Control 


Tbt  t«mpir«tur»  of  tiM  !•  niilnfii— ^ 

within  tho  dttirod  rnnfo  of  S5  to  by  !«• 

motbodt.  Thn  boat  gonoratod  by  thm  tranamilte* 
And  convoTtero  ii  abaorbod  by  Uihim  boat  c.bibo 
at  tbo  iiua  of  tbia  oq^aiponom.  Tbcao  boat  «vko 
iboo  radiau  tbo  boat  to  opoco  aod  proooni 
ti<v  of  th«  trananutUro  and  coovoitoro  frooa 
aignificantly  incroaalng  tba  gonoral  tomporatno 
of  tbo  payioad.  Ifoawovor.  tbo  cootteg  ii  tbo 
payload  is  carofully  proparcd  oo  that  tbo  ratio  of  . 
aboorpcWity  to  omlaalTity  cf  aelar  oiaorgy  of  tbo 
payload  ihoU  varioa  wUb  attitodo  in  a  mannor 
carefully  calculated  to  hoop  tbo  tompor^uni 
within  tlw  proper  range  aa  tbo  payload  movoo  in 
toward  tbo  auo. 

Thin  glaao  platoo.  O.MS-inch  tback,  on  tbo 
•otar  c«lU.  on  tbo  usMior  amrfaco  ol  which  an 
interference  filter  Kao  been  vacuum^^pooltod, 
oerve  to  keep  the  temperature  of  tbo  ccUe  witbin 
oper  ting  range.  The  paddles  are  also  properly 
coated  between  shiAglea  of  coUo  to  keep  tcapem- 
lure  down. 

All  of  these  controls  kaT«  operated  eatis* 
factorily.  Soon  after  lift-off.  Cor  eaample.  tbo 
solar  cell  paddles  bad  stahiUaod  ai  a  tempera^ 
tore  ol  apprexintately  just  as  bad  been 

anticipated.  Gradually  Since  then  their  tempera- 
turc  bas  increased^  as  the  result  of  changing 
attitude  with  respect  to  tbe  sun  and  ol  the  In¬ 
creased  intensity  ol  solar  energy  as  Che  sun  io 
approached.  Their  temperature  as  of  mid  April 
was  about  51^.  The  majornora  anticipated 
temperature  of  the  paddles  is  about 
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BjMtroal*  oqolpMBta  Am1(I»A  for  loot 
tlas  eiparatloB  la  apM*  «*UslM  aoch  M 
a«telllt«*  noalw  thalr  ptlmrj  pomr  tadl- 
ncUp  firaa  tlx  nm'a  raAlaklea  vUoh  la  laaf- 
nekaatly  eoarwtaA  late  alaotrloal  poaar.  Is 
CBsmleatlo  tad  talasatry  aqulpaant  soararalas 
<t  tUa  alaotrleal  poaar  late  alaatru  xaftnatla 
seftiatlga  at  oaa  apaelfla  fra^uaooj  raaulta  la 
tetlar  rsdiMttos  of  afflalaaa/. 

lor  Ufbs  tlaa  otaarratloea  sad  oparatloaa 
ttara  la  net  alaaya  a  aaad  for  laaadtata  traaa- 
aliBloB  of  lafcnatloa.  A  dalaf  bataaao  ool- 
lactton  of  tlia  laforaatloa  aad  ita  tyanairiaalos 
mtj  ba  tolarat«d>  la  tbaaa  oaaaa  a  «oMualea> 
tloa  ayatoa  aalas  daflaotad  auailgbt  aa  aa 
laftaaatloB  aarrlar  al«ht  raplaoa  a  radio 
oo^BBioatloa  ayatoa. 

At  a  fmt  slaaoa  apaoa  ooaaainleatloa  or 
talaaotrj'  ayitasa  «Bln<  auQlle>>t  aa  ao  loforas- 
a<a  earrlar  vltbout  ooBToroloo  lato  alaatrleal 
yoar  ta«a  alLractlTo  fiv  Uio  foUowlos  raaaoast 

X.  Rb  laaay  eoBTonioa  of  tha  aolar 
radlatloa  lato  alaotrleal  •ttrgy  la  oaeaitary. 

3.  le  Isaty  aaooal  eoDToraloa  of  tha 
alaotrleal  oeargr  Into  olaatrleal.«B4Patla 
radlatloa  la  aacaaaary. 

3<  SlapUolty  tor)  potaotlol  bleiiBr 
xallcMlltr  of  tbo  oqulpaaol  aa  ooi^arad  wltl 
that  of  tha  radio  ftaqaaaoy  llak. 

A.  Kle>  ayatoa  ^laa  are  faaalbla  daa 
to  tha  blfk  dlraetlolty  of  optical  ayatoM. 

Aa  vlth  aoat  ItaioaatlOBB,  tha  adTantasaa 
ai^aar  aora  luatrooa  bafora  iractloal  appllca> 
tloa  haa  baaa  attaaptad.  Tha  dlaadyaatacaa, 
Hally  hlddan.  ara  aaclaotad  <r  ooly  iinduly 
ooBaldarod.  Tbs  purpoea  of  this  study  la  to 
ovaTaita  ob>etlTaly  tha  potaotlal  parforaaoeo 
charactorlitlca  of  auaUeht  eoxe^kaleatloa  Hats 
tad  to  eoapaia  thaa  vlth  thesa  of  radio  nraHiiil 
catlaB  llala. 

pgCTTFncil  Of  rm  sti>njn:t?r  ctaaannraTtoa  ijik. 

Irlca  to  the  thocratlcal  aoalyala  of  tha 
aaall^ht  ccaaonloatlOB  Uok,  tha  toalo  oos> 
yiXBarts  of  tha  syataai  ara  deaorlbed  (llsura  1). 
At  tha  tranealttor  atctloa  a  larca  e&aaagialaiaa 
•tnvr  ayatoa  la  alaail  touard  tha  aua  to  ooUoot 
tha  aolar  anarsy  and  to  eonoautrata  tha  Intor- 
ovytad  aua  raya  lato  a  oarrov  baaa  with  hl^ 
lllRA  flui  daonlty.  This  baaa,  raJlraetod  hjr 
aa  oytleal  uataaraal  JolBt,  la  passed  tbrowidi 


tha  llaht  aodulater  whloh  haa  a  flaad  poaltlea 
ralatlaa  to  the  spaca  vahlela  or  tha  trsM* 
Blttar  location.  Tha  Intanalty  er  polarlsatlca 
aaodulatad  Hsht  baaa  la  than  radlrsotad  by  a 
aaeood  optical  unlvaraal  Joint,  fad  into 
another  larfs  eaaaa^alnlao  alrrtr  ayntaa  which 
raradlatac  the  aodulatad  aolar  anergy  to  tha 
dlstaet  raeslanr- 


Mcawaa 
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Fewer  la  required  to  keep  tho  collsoter 
and  radiator  alrrcrs  traoklDc  tls  aus.  ai4  tha 
raoalmr.  raapeotiraly.  Tbs  powar  fir  tho 
tracklDg  saoBars  cod  drlrara  tosathsr  with  tha 
acdulator  powar  sod  the  powar  raqulrad  to 
oparsto  the  loforastloo  prooaaali^  aqul^aot 
■ut  be  dallTcrad  froa  a  solar  battary.  This 
powar,  hwarar,  ecc  ba  a  aaall  fraetlon  of  tbs 
powar  being  aoduicted. 

The  tracking  of  the  aun  ganaratae  no 
problaae  ainet  the  aun  repraeants  an  excellent 
target  under  all  condltlois.  The  proper  oriaa- 
tatloD  of  tbs  radiator  alrror  syatea  toward  tha 
reoalrer.  In  oontraat,  saueas  grsat  dlff Icultlao, 
Proper  orleutatlon  oeo  be  nalctcloed  altbar 
•■ploying  •  oloeed  loop  eyetea  or  by  hawli^  a 
knowUdgs  of  tbe  racalrer  looatlon  with  raapeot 
to  the  tranaaitter  aa  a  funotlon  of  tin.  In 
Tlgura  1,  the  anil  reoelwer  antenix  aountod 
with  Ite  exle  perellal  to  that  of  the  radiator 
antecaa  rsprasants  tbs  boodog  aDtenoe  for  a 
sloasd  loop  aystea. 
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Tta  ttatloa  ooMlau  of  •  ••»»•- 

cralnlu  coUooto*  ■Ixror  at  poaslbly  »»rUbl* 
fUol-atnostb  to  oUon  ollMlnjitloB  of  book«rou«» 
aoiso  oftor  oxoot  oiflonUtlon  toworO  th»  tr«iia> 
hM  booo  ichSoTOfl*  flio  ^lOto^othoAo  of 
aiattpllor  pbototoba  la  looatad  at  tba  fooal 
point  of  tha  oollaotor  ■Ima'  ajrntaa.  It  aon- 
rarta  aar/loc  light  InUcaltj  Into  a  Tarflnc 

alaotroD  currant  and  avpUflaa  lt«  FoIItnfln( 
tba  Bultlpllar  pbototuba  •Uf/t,  which  rapraaanta 
tba  Xowcct  noiaa  coablnatlon  of  a  photo  datactcc 
«nd  an  aapllflar,  «ra  nola#  flltari  and  atandard 
aapUficrt.  Ftoa  hara  on  tha  al»  «1  U  pronaaaad 
liha  anf  otbar  alaotrloal  aifoal^ 


Bafcra  tha  pat^iotlal  perfoioanea  of  tha  aun- 
llght  cocnunleatlon  apataa  can  ba  ooaparad  to 
that  of  a  radio  coonunleatlon  ayataa,  tha  baslo 
dlfforciwcj  botwesn  tba  two  typaa  of  earrlera 
—■at  ba  analyzad. 

Eleetre-oasnatle  radiation  ai  uaad  In  radio 
cconunlcatloo  la  gacaratad  by  a  controllad 
oparatloni  aolaetlra  aopUficatlon  and  faad-baek 
with  proper  phaalng.  Tha  ganaratad  algnal  eaa 
ba  apaeiried  ea  a  parlodlo  function  of  tlaa. 
Aa^lltula.phaaa  tod  os!plltui*a-tlao  ralatlcoshlpa 
nra  daicrjbed  by  defluad  functlona.  Tha  tlgnal 
Xm  aald  to  bo  eehorant.  Thla  Mana  that  tha 
al«ual  can  ba  Identically  duplicated  by  knowing 
tha  apaalflcatlona  of  tha  runctlon< 

lleetTo-asgnatla  radiation  at  rary  high  fra- 
quonclas  juch  aj  Infrarad  or  light  fraquenclaa 
is  tha  retult  of  ao  ootiraly  different  procaaa. 
Krtomally  atlmjlatad  Duoleor  partlclae  In  atooa 
or  mlcculas  change  tbolr  energy  laTala.  Thaaa 
obcrgy  leral  uhaogee  raault  In  ualasloc  cr 
ahoorptlcn  of  apeclfle  anargy  ouenta  In  fora  of 
photons.  Only  a  Uadted  nuaber  of  aoargy  Xerel 
tronsltlons  are  pcsslble  for  each  excited,  mater¬ 
ial.  The  energy  radiated  by  one  alngla  quantua 
is  directly  proportional  to  the  froquancy  at 
which  the  radiation  occurci  the  proportionality 
coexstent  Plank's  constant.  The  aailssica  of  tho 
quants,  eren  If  they  ell  represent  tha  saaa 
froqueocy,  occurs  randonly  In  tlaa.  Tha  Inatanta 
at  which  quanta  are  eo'.tted  are  entirely  out  of 
any  control.  Dus  to  tho  flnlta  tlaa  required 
fer  an  enar^  Jump  end  to  the  rasdoa  aoiasloo 
of  quanta,  the  resulting  signal  oceiiplaa  a 
certain  frequency  band  Instead  of  tta  frequency 
lino.  If  we  think  of  the  rlaual  apoctrua  display. 

Radiation  slgcala  at  rary  high  fTaquenelas 
can  be  dcncrlbod  only  by  statistical  paraeaUra, 
Ad  Inatsntar.eous  ralctlonshlp  batwaaa  pbaaa 
(or  tlaa)  and  empUtuda  can  not  be  aatabllahadi 
zlectrc-ujgnotlc  rudlation  at  light  fraquetclea 
la  ioccliereat. 


Tba  transition  froa  tha  sobaraney  tt 
algnala  •*  1®“  fraquanclaa  to  tha  lBC«hara*ay 
of  algMla  at  aztraaaly  high  fraqoanolaa  U 
padual.  kith  looraaalBg  fraquanclaa,  tha 
problaa  of  kaaplng  tho  abaoluta  bandwidth  rf  tka 
algnal,  or.  atatad  aaotbar  way,  tha  ahasluU 
IwtablUty  of  tha  algnal,  oa  aaall  aa  poaolhla, 
hacoaai  nora  and  aora  dlfflault. 

Lack  of  phaao  atahlllty,  or  In  our  tana, 
lack  of  eohorancy  of  a  algnal  raducaa  tha  aaala 
of  poaaibla  modulation  aobcaaa  to  that 
warloua  Intenalty  modulation  aathoda.  But  tb J 
drawback  for  comsunlcatloa  la  topped  by  anothar 
affect  rasultlc^  from  tba  randamnaaa  of  tha 
signal. 

Clectro-magnatle  energy  la  radiated  in 
quanta.  Since  tha  anargy  of  each  qusottaa 
Increaaaa  proportloimlly  with  frequsney.  It  can 
a  aaaa  that  for  tha  tranaalaalon  of  a  cartalh 
amru  cf  energy  at  low  fraquanclaa  a  large 
maba.'  of  quanta  la  naeaasary  but  at  high  fra- 
quo.  .<s  a  c-  ch  amallar  number  will  lufflea. 

Since  the  aalsaion  of  tba  quanta  oceura  randcmly 
rather  than  periodically,  each  IndlrlduaXly 
detectable  amount  of  energy  must  contain 
sufficient  quanta  ao  that  the  Inatantanaoua 
aartatlncs  of  tha  quanta  amlaalon  rata  are  not 
noticeably  different  frem  tha  aTaraga  rata. 

k  numerical  example  may  llluatrata  how  tba 
quantization  noiaa  compenant  becomes  Importabt 
In  eloetro-cagnotle  rodlatlon  signals  at  wary 
high  frequanelcs.  Let  us  eaauma  that  tha  araraga 
iwmber  of  quanta  iiaeeBaary  to  detect  css  tit  of 
Information  with  a  aatlsfsotory  algnal  to  noiaa 
ratio  (It  Is  asaumed  to  ha  approxliataly  3  to  1), 
la  10,  than  tba  ololmua  power  density  a  la  watta 
per  cycle  bandwidth  required  at  the  Input  of  aa 
Ideal  photo  dataotcr  would  ba  at  a  fuDotloa  of 
frequency  ( i 

III  n  a  10  hf 

WITH  h*  e.aJJ.io**«»»Sec* 

for  a  carrier  fraqueocy  la  tha  ultrsTlnlat 
ll£ht  range  thla  amounts  to  ap^oxlaataly  10’’^ 
w/eps.  If  wa  compare  that  Tslua  with  tha  aqulTe« 
lent  noiaa  power  of  a  radio  reenlTer  haring  a 
noise  temparatura  of  300®K  (lO'*'  k/aao)  wa 
reallza  the  Impcrtacce  of  tba  quantization  noise. 

In  otbar  words  the  amount  of  energy  trans¬ 
mitted  by  a  alngla  quantuaa  datarmlnsa  the 
absolute  sensltlTlty  of  an  Ideal  racalrar-  Aa 
ao  ideal  recalrer  a  reealrar  la  speolfled  which 
has  lOdf  afficlancy  and  which  la  free  of  Internal 
noiaa. 


Let  ua  aaauiBo  that  tha  raoaiTer  raoalraa  oo 
an  aacraga  basis  one  quantum  par  oyola  bandwidth. 
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lntt«nt«n»Ous  nunbor  of  quonto  per  eyt  !• 
bendvidth  Mjr  very  betveen  0  otaA  eior  mltipW  of 
1«  For  thle  low  nujober  of  quante  the  input 
power  cfto  be  ccnel<)ered  a  aolao  power  and  cm 
can  equate  the  energy  of  cne  quoot\i«  (phcto^ 
with  the  apectral  nclae  power  deaait/  ai 

(2)  ^  ■  n  •  hf 

Thla  epoeiric  nolae  power  density  bf  ecd 
elac  be  expresaai  by  an  equivalent  oolaa 
tecperaturei 

n  a  hf  ■  •^T. 


If  we  eaauiae  that  the  reeoirer  baa  aa 
equivalent  nolae  tcsperoture  the  anteoaa 
an  equivalent  ncUe  tcaperetura  and  the 
signal  itself*  due  to  its  quantuo  oatura  cm 
enuivalenl  qutntua  nciae  tespureture  T  •  ttia 
nolae  power  density  at  tha  receiver  Input  Isi 

(4)  n.  k(vt,*t,) 

for  an  ideal  receiver  artd  Ideal  condltlcca* 
that  it,  equivalent  recelrur  nclee  teoperature 
anl  tne  rqulvalent  antonra  nclse  teicperatura 
both  teiu"  zero,  t.ie  noise  power  density  becoaas 
a  function  of  the  frequerxy  (-or  aavalof^ftli  cf 
the  Usht)  only 


The  relotlcnuhlp  betveea  the  noise  p<>*«cr 
de:jlly  n  ot  the  ir-rut  cf  the  receiver,  ca*  the 
equiroler.t  noise  tcrxcraiurc  cf  the  signal 
and  the  carrier  frequency  f  is  ahewu  lo  Fl^-ure  ?« 

ABSOLUTE  LIMIT  IN  BECEIViN 
SENSITIVITY 

moot  »owia  sir  mcinv* e^fii 
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l«scc)  l*aj 


n  •  n  f  V  •  to) 

(% 
n  • 


da  ace  that  for  tba  reealver  operatiot  la  the 
r*n£«  cf  Tl4ll>l«  Ueht  V  Um  atMlata 

licit  In  aeositirity  la  daaerlbed  hy  an 
lant  ooica  teoperatire  of  approximately 
It  mat  be  notad  that  thla  nolaa  figure  la  that 
of  eo  ideal  receiver*  Practical  phcto^atectcara 
aa  raceieera  haea  iatarMl  aola#  and  there fbre 
ineraaae  the  aqulvaleat  noise  texDperatura  of  the 
receiver  eooaldarably*  In  addition^  tba  aateoM 
waually  ^eca*  not  only  the  eignal  acuree  hvt 
alao  background  nolae* 

capAai3c!i  Cf  nu  ccaa  urqcaTich  uwf 


Let  ua  asauBa  that  an  Ideal  tranaadttM 
radiates  Ita  entire  power  lactroplcelly  lute 
space*  ^e  can  thee  for  ccoporlsoo  of  veoriOM 
ccnousleatlca  ayatcM  aelact  a  reference  dlataoee 
and  ccepera  the  power  required  per  cycle  of 
baniwtith  to  obtain  a  desired  aignal«tc»nclse 
ratio  at  the  receiver*  In  tba  abeence  of  aateroal 
eciae  aourcea* 

take  a  radio  cceBsunleatlon  ayateu  with  a 
reccivt-r  which  hss  an  equivalent  noise  teapora-* 
tore  of  1^00^  Kelvin  as  cur  reference*  The  sua* 
lielbt  cmnir.lcnticn  syaten  will  rcqvlrc  ^0  tlxas 
as  ouch  powtrr  fur  the  sane  infcraatlco  copoclty* 
prcvluei  thet  it  coploya  to  ideal  dataettx*  For 
practical  cases  thla  power  con  be  orders  cf 
BWji^.ltuies  hi(^r*  d  radio  ecor;unlcatlca  system 
peverei  ty  a  eclor  cell  Is  ecnpaxoble  vith  this 
iJca!  v  „nll  ;ht  ccrc-ur.ieatlon  syatcas,  even  if  the 
cveroll  efficiency  of  the  photc •electric  cca« 
verier  and  the  rudlc  transnltter  Is  as  low  aa  9 
puree/.!*  It  xust  oe  iiottd  this  is  the 

thecretlcol  Unit  aveo  ssstming  s  relatively  high 
receiver  oolsc  texperature.  Ccnolderinj  that 
practiceX  photo  crjltlollers  have  oclva  teapen* 
tures  which  are  hundreds  of  times  hlfber  thaa 
this  thecretlcel  Holt,  the  efflcier.cy  cf  a  sub 
powered  radio  ayatea  can  beccoa  a  vary  acslji 
frectioi:.  cf  a  percent  to  ba  ecDpatlble  with  the 
typcthctlcal  isotropically  radlatlnc  aunll^t 
ays  tern* 

ovea  ac  the  inurodueed  equivalent  laotropla 
radletcr  sK^lei  la  only  of  hypcthetlcol  value,  it 
shows  clearly  that  light  la  net  auitable  fer 
aystess  Incorporotloc  wide  beam  width  trnnaals- 
slora*  It  aeero  therefora  advisable  to  eapl^ 
a  radio  Itns  for  Initial  aequlsltloD  and  tracking 
In  a  cocplvte  clcaed  loop  sunlight  ayateo,  aloea 
the  nolae  teaperatiraa  of  radio  dataetora  eaa  ba 
kept  saiall* 

The  comporlaoc  becemaa  more  nitrnntatprcM 
fer  the  runlli^bt  ccMPunicatioo  ays  tea,  if  wa 
ccnalder  the  dlrectlOMl  caln  obUlnable  with  It. 


10"  o'*  lO**  !©*•  15*  •o'*  [»ar1 


I 


It  OU  b*  •bc«l  u»t  t»»  OO^IMtlOO  of  • 
nroboU*  ooU^itor  vltk  •  f-.boU«  r»r.««tor 
••  a  imUBlfr*  In  •  aunll^ht  aeawnlaatlea 

UDk  tea  a  aaia  ^  53  « 

souraa  U  tte  otatloo  U  Iteatad  at  tte 
orbit  aat  if  tte  ooUaotor  alrrcr  la  tte  oaV 
lteitia«  apart*#.  Bp  auob  aa  arran«ateat  tte 
antira  ooUaataB  aolar  aaarcp  la  rarailiatat 
iBbo  a  aow  <rttb  aa  aacla  of  3?  alimitaa  or  .0^ 
iSate^  Tbla  ao<la  la  Itentl.al  to  tte  ««U 
Mblab  tte  aoo  la  aaaa  !»«■  tte  aarth. 

To  Bate  tte  oteraotarlatloa  of  tte  au<ai*bt 
apataa  aora  ondaretaodabloi  a  abort  aoalptl* 
oal  o«te»rtaoa  vltb  a  radio  Unk  la  praatatad. 

To  MBtealu  tte  baalo  dlffaraooaa  and 
Ualtatlow  tte  o<aoparlaca  la  oxaroliad  for  ona 
nap  Unka  oolp.  te«laetlm  tte  irobla-a  of 
aeWaltloa,  trachlte  ate  baakro^ite  nolaa 
•  liaimtloft* 

lUdlo  UbIb  1®  fDD*r»l  *14  Bunllght  Unka 
teklte  foil  oaa  of  thoir  dUaatlooal  gain  aro 
oaaP«a4  tte  foUoirio*  aaauaptlotei 

1.  Tte  dlatanea  ■  tetvaao  tte  atatloM 


*C  ' 


U  tte 

j,  Tte  affaetlaa  aatanna  araaa  of  tte 
raoalW  antaaaoa  ij  apa  tte  aate. 

<»)  ^lyOAWO  * 

3.  Tte  affaetlaa  oolUotor  traa  *(j  of 
tte  auBllebt  ecamiftleatlow  apataa  la  aqual  to 
Ita  affaetlaa  traoaioittar  anUnna  araa  ty. 

tf) 

Aa  a  raault.  tte  *alo  of  tte  luollght  ayata* 
tJaawnttar  la  fiiod  (53  »).  «l«th  of 

tte  radlftad  boa*  la  Idaotlcal  to  tte  dlTaraloa 
argla  utear  vtleh  tte  auo  la  aaau  froo  tte  aartb*a 
dlstaaoa.  (j?  adiwtaa  of  a»e). 

Tba  affactlva  tranaaltVar  aotaaoa 
araa  of  tte  radio  link  la  a<i«l  to  that  of  tte 
auhUght  ooUact*  and  radiator. 

@»)  At/hacko'  ^i/joautHT  ■  *c 

5.  Tte  racelTor  aanaltlaltp  la  not 
Uadtad  bp  baekfipounl  nolaa  hot  bp  Ir.tarnal 
nolaa  onlp« 

5.  Tte  conrarsloB  Id  afflolanoy  and 
tte  MD-Unaar  rolatlooaMp  hatwaan  Input 
Blgul-tO'iulaa  ratio  and  output  algnal-to-noloa 
ratio  of  radio  dataetora  and  light  datactora  art 

Mglaotad. 


Tte  ayataoB  ara  acteparad  fer  uait  aignol  to 
•ntea  ratio  at  tba  Input  of  tba  dataot*. 

tte  nolaa  pouar  daanltp  at  tba  lotet  of  #•• 
Idaol  raaalaac  lai 

*71  It  =  Kt 

»  M  I  a  > 

H  ■  Llt  lO- 

K  a  *.a**  io-*^  ^ 

t  a  aterlar  fraguanep  la  epalaa  par  aaaoad. 

T  •  agalTBlant  quaotuD  nolaa  tanparstura  la 
kalrlB. 


Tte  nolaa  pouar  danaltp  at  tba  Input  of  tte  ratalaar 
la  lladtad  bp  tte  Intornal  nolaai 

40)  n  =  R  ( \  a  tr) 

b:  KTr  f4>a  Tr  » 

Mbleh  la  aalld  for  frapianelM 
telou  lo’^epi  alth  T||  balng  tte  aqulralaut  nolaa 
tenparatura  of  tha  raeaiaar  Input. 

At  tti  rocalrer  antonna  the  affaotlaa  arao 
which  ia  located  at  tba  dlatanea  B  la 
OMtva  froo  tha  tranaalttor,  tha  algnal  power 
(W>  baconea  a  fuiwtloo  of  tte  tranaalttar  powan 
*  (a }  and  tha  txaraolttar  antanna  gala  0l 

’’«  ■  on  ^ 

Ibr  tte  sunlight  ccaanunloatlona  apataoai  tbo 
tranaaltter  antanoa  gain  la  fixed  by  tte  obolao  of 
tba  ratio  batwaan  ooUaotor  and  radiator  (traaaadttar 
aataaaa)  araa)  Al 

^  5 

110)  •  -a 


.05-  10’  0*  .S3  OB 


Tte  tranaalttar  power  B„ia  a  product  of  tte 
aolar  coMtant  3  aid  tte  affeotlaa  araa  of  tte 
aoUaater  alrror  dot 
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ttea  tba  Btgzol  powar  at  tte 
raeaiaar  lai 


C-iA, 
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If  df  la  tha  affeotlaa  area  of  tha  radlatlag 
antaoiB.  C  ta  a  oonatant  datorulDed  bp  tha  tppa  of 
tha  aatanoa  tod  A  la  tba  uaaalangth  of  tha  radio  algnal. 

Dua  to  the  aasuuption  A^wa  oaa  writ# 

_  AC 

tl4)  Q  -  ^  A*  tteraforo 
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Me  e«a  otw  equet*  tte  MtM  power  ejid  the 
el^el  power  tTellaula  m\  tke  Input  ef  the  raeelwee 
vlut  ttit  laferaatloe  feentnrlMk  itt  (ape)«  Me  obtet* 
fer  tke  aeeU^^t  epeteai 


Oft. 

tvr  tke  xa41«  an— ■leetlee  a/eteai 
<I7J  AfRTr  = 


'  - -  4irA«  *•  41T||e 

Me  oee  ellelBete  ttae  feetere  eel  pere—tera 
wbleh  ere  Ideatloel  to  both  Utke  eeoorlloi  to  the 
eee>«ptloai  Mete  above  bp  dl^Alnt  (16)  bp  (17]> 

Oft)  Is  =  iSj.i.  0« 


TYtla  ArpTMilgo  d^itriba*  th«  r«XatloMhlf 
b«twe«&  tb*  otIm  iMB^terAturM  of  tbo 

rodio  r«colv«r  «  of  tbo  •oAltibt  aiggml  T^«  «oA 
tho  po^T  of  •  radio  trooMitUr  Rf  with  carrlor 
v»Te  \  wbieh  la  ro^lrad  to  obtala  tbo 

aaisa  ptrtormef  m  tfaa  OBMdlcht  llok*  bbllo 
•quatlQo  (152  oo«por««  tho  Idaoi  aua  llgbt  link* 

(no  iDtarnal  oolao  ot  ttM  4ato«tor)  vlth  practical 
rodio  lloka*  It  cao  bo  •Kioodad  to  tcchalcoXljf 
foeaitU  •unli^t  linka  taf  raplacioK  tha  oolaa 
toaparaturo  rf  tba  algnal  T.  bf  tha  much  Klgbar 
oolaa  taaparatura  of  tba  OkltipUar  pbototuba  Tjt 

<20.  p,  = 

lo  figure  3  thl*  releUoeaUp  it  preaenlot 
In  grephtcel  fcm.  for  preeileel  esaeeit  js 
the  order  cf  lO'*,  but  eea  be  sMller  fa?  rerp  low 
radio  recelrer  oolea  teeparaturea  of  higher  for 
high  nolae  te<iparat<iraa< 

It  aust  ba  noted  that  the  directional 
properties  of  tha  radio  llafc  cannot  ba  coneldered 
for  this  cooperlaon.  Mhlle  the  base  width  of  tha 
sunlight  trar^tvara  la  rizad.  It  can  be  w&riad 
at  the  light  raceiror  enteana  without  changiog  the 
affeetlwe  sraa.  In  contrest.  for  a  radio  anteiu*. 
thiO  beasMldth  for  anp  aalaeted  carrier  frequenep 
la  detaruloed  bp  tbs  effestlva  orae. 

It  oust  be  noted  that  this  cottpiirlson  bolds 
lodcpandantlp  of  tha  Infonaatlon  baodwldth  and 
the  range  of  tha  link  aa  loeS  aa  tha  artenoa  araaa 
are  as  specified. 

for  a  Valid  co^>arLBoa  batwaeo  radio  and 
scnll^ht  ccacualcetloo  apateea,  wa  nu^l  ass\^  that 
tbs  radio  cunnunlcatlon  spstaa  will  ba  powered  by  a 
eciar  battery. 

If  we  assumed  that  the  raoulrad  power  Py  ctf 
tha  radio  tracsEdttar  will  ba  dellwerad  frum  m 


oolar  battarp  witk  aa  afflelaet)  q  ead  wltft  aa 
erfaatlae  eollaatar  area  ist  obtelai 

(20  1^  K  I)SA£ 

If  we  iBiart  tJbla  aaJLaa  la  equation  (17)  akl 
If  we  mk^  the  aMltloeal  eanaatlon  that  tbs 
oolleotor  area  at  t—  solar  battorjr  shall  ba 
Idaatlcel  to  the  traaaelttar  aataniia  area  and  ba 
tba  ooUaour  area  of  tba  auallgbt  ocaBunloatlaa 
apatasu  than  ua  a—  wrltas 


122>  iJKl  - 


By  •ItalMilcik  cd  \hm  lirciigcX  fMtora  te 
#quctlon  (Xi)  cttd  ^72)  !•  forani 

«blcb  alloM  tba  dataraloatlca  cf  tta  apaolfla 
•  is*  of  a  ocllactcT  aad  tres^ttoT  •otacaa  for 
wuiob  radio  cad  aiAAli^t  liak  Wra  Moa  ioforaatin 
capeoltico*  _ 

•»  Tr  .* 

Ttaia  futtcilcA  la  ftT'apMeally  ahcvfl  la  T\^^m 
kb  aitn  04  a  npa-ft-aatcr  e  Cf|^.|  cerraapeada  bo 
a  cctfiblDca  c(  oacrtAX-traioaieitier  afflciaa^  cf 
aj>prcxiijataiy  i  yarcadea 


»  • 


Ois 

Stfco  * 


to-Ximj 
S»-f  (K) 
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A  coaporlsoD  c>f  tfossJU^t  •ni  l\aJu  cn 

tha  batifl  of  afficlecej  Is  coif  ctm  w«7  of  aTeiuat- 
In^  oxpactad  parfor«ooi9i!«.  It  pamits  ooa  to 
astl^ta  how  •  llok  cooX4  iwrfora  uoJar  aooawiuit 
Idoaiitad  ccndltlcnfl*  fir  fraction  pi^rpcsM 
additional  factora  ssumx  coMldcrei  v^ch  cannot 
ba  arpressad  elearlp  1a  acxiplflltal  ftn*  beam  of 
tbeaa  factora  aja  liAt«d  talowi 

1«  Tha  hack^roiffid  nclaa  mmam  \y  ttoo 
llftht  raceirar  ainrer  sjAiata  dapaoda  lar^ly  ca 
tho  focal  langth  cf  tAv  and  tla  loeatlca 

of  tha  txarxaihitter  in  wj/maa* 

Vbaaeaer  auallght  ajmtsa  eao  bo 
Bad*  ocarpatibla  with  •  rvdlo  syatoB  c«  tho  booio 
of  orflclancy,  tha  ro^ils^sa^ata  for  cccurocy  16 
dlroetio^  tha  ar.taoDoo  boojea  Bcro  aoTara  for 
tha  auoU^t  odrroro  tha*  for  tha  rai^o  aotaoeoa* 

j,  Tha  poa«r  ZB^ulred  fer  tdia  Bodulatica 
In  tha  turdl^t  tranaaxltttf  osouota  ft  a  Much 
OAoIlar  fractlco  of  tha  ladnlatod  pP>or  than  la  tbo 
radio  caaa. 

4*  Tha  aloctvn^c  oqulpaoiA  aoedad  for 
tha  ttiodulator  io  tho  ouaJi^t  tranoadttor  cod  bo 
built  with  a  asall  imodw r  cf  coapLoaxJts  with  loo 
pow«T  diaalpaticn.  Xt  ay  poTAit  li  lifotlao 
and  higher  roliabiUty- 


5«  Tiia  roquiraMDto  for  troaklh^  tbm 
oua  oro  Boro  aowa  for  tbo  ouAll^bt  DTOtas  %1mb 
for  •  radio  oyataa  pooorod  Iqp  a  aolar  bottary. 

Koayiat  tfao  tracNoittor  oataaiio  orloatod 
toward  tho  roBOta  racoitor  ia  ao  aoriouo  problo^ 
troridod  tlM  aontaot  haa  boom  aaubUahod. 
ootobllab  aoouct  with  a  rocalTor  of  uokaowB 
loeatlca,  bowoTor.  auollfht  tooholqiioo  aro  mot 
auitobla.  A  aloaod  loop  a/otaai  aouXd  acnaiat 
of  a  aualiftht  link  for  tha  tronaAiaaioa  of  tho 
iafoTBatlca  and  radio  link  for  tha  ecnlrol  of 
tho  loforaotioa  flow  and  tbo  ^^>par  orlantotlOB 
of  tha  aataaoaa* 

gClS-LUl?Ufe 

Swap  tbow^h  radio  ecjBunlcation  llnka  aro 
■oro  offielaat  than  a  aunliftht  ccocuxaicatlr^B 
ajntaB,  duo  to  tha  hl^  r.ciaa  leaporaturaa  of 
ali^la  at  ll^t  fraquanolaa,  thara  aiftht  bo 
o  nuabar  of  adTanta£acua  applleatlcao  of  tho 
aunll^t  links  la  apaco* 

Oua  tc  tha  flxad  ^ala  cf  tha  ausll^bt 
transcditar  which  la  Indapaniant  cf  tha  alto  of 
tha  eollaotcr  and  reradlatcr  olrrcr,  tbo  aun* 
lie(ht  aystaa  can  ba  0\ada  auparicr  tc  a  coaparabla 
radio  syalao  whan  00X7  physically  aaoll  antanaoa 
oust  ba  uiad,  and  if  axtxaaoly  high  fraquancloa 
ora  net  daairatla  fer  otbar  raaacna  SuCh  as  lifo* 
tlfflp  and  rsllabillty  of  ecBponanU.  Thla  SJpori* 
crity  ia  InfcTAatlco  hanilif^  afficlaLcy  it  of 
piactacal  vaiwa  only*  if  tba  llrA  la  IctanJoA 
fer  lord  oparatica,  if  tha  eoataet  batwooa 
tho  ataticna  ean  easily  bo  oatabllahod  and  mIb* 
taiood,  and  if  tha  Infornaticn  rood  act  to  bo 
traosf^ttod  instaatar<aoual/* 
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APPLICATION  Of  INER  HAL  TECHNIQUES  TO  INTERPLANETARY  NAVIOATION 
Milton  J,  Minnnmui 
Republic  AvUUon  CorpomUon 


ABSTRACT 


Inertial  navigation  Uchnl<]uca.  at  present  used 
(or  the  Indication  of  the  position  of  a  vehicle  o  the 
surface  of  the  earth  may  also  be  used  for  Interplane* 
tary  navigation.  Many  mctiiods  have  been  suggested 
for  interplanetary  navigation,  tK>wcvcr  inertial  lech> 
niquea  are  of  Inlereat  because  they  provide  sccelers* 
Uon  snd  velocity  as  well  at  position.  Also,  since  ln> 
ertial  techfUquea  have  been  well  developed  In  Che  last 
decade  they  should  be  exploited  for  InterplanetAry  In 
addition  to  terrestrial  navigatiOA. 

An  interpUnetary  navigation  system  would  em* 
ploy  an  orthogonal  array  of  three  accekromelers.  The 
cutput  of  the  array,  considered  as  a  vector.  Is  the 
specific  thrust  which  v<iual8  the  acceleration  of  the  ve> 
hlcle  minus  the  specific  gravitational  force  oc  the  ve- 
hide  due  to  all  tx^es  in  space.  U  the  position  of  the 
vehicle  Is  known  relstlve  to  the  various  bodies  in  space 
at  one  point  in  time,  the  value  of  the  specific  gravlta- 
tion  can  be  found.  It  can  then  be  ad(k*d  to  the  accclero^ 
meter  output  oblalnlng  the  acceleration.  If  In  sddiUos 
the  Initial  velocity  la  known,  the  acceleration  can  be 
integrated  twice,  with  respect  to  time  to  give  a  new 
position  of  the  vehicle  at  the  next  Interval  of  time. 

From  this  new  position,  the  new  specific  gravltatioi 
can  be  computed  and  oddvd  to  the  accdcrometer  out¬ 
put,  etc.,  with  the  cycle  rcp«.-nUd  indefinitely.  Tbe 
necessary  alignment  of  the  accelvromcicrs  may  be 
UIncd  by  means  of  a  combtrLition  of  gyroscopes  and 
optical  senaora. 

Using  an  ovcr-slmplini'd  model  of  (ho  solar 
system,  the  p^-rformance  and  accuracy  of  the  system 
on  simulated  missions  to  Mors  .*\nd  V^  nus,  using  •  low 
thrust  engine,  have  bi.cn  investigated  analytically,  and 
with  the  aid  of  snntog  nnd  digiul  computcra.  U  Is  de¬ 
monstrated  that  the  system  can  bc'  used  for  navigatloa 
with  an  nccuracy  of  approxlmaU'ly  0. 01%  of  the  dis¬ 
tance  traveled. 

Thi»  omounls  to  about  three  |3)  Venus  radii  for 
on  Earth  to  Venus  mission  and  nine  (U)  Mars  radii  for 
nn  Earth  to  Mars  mission.  The  extension  of  the  a  naly- 
sls  u>  more  rcalislie  mi  dels  of  the  8ol,«r  system  Is 
described,  and  s  contempist.d  compKle  system  con¬ 
figuration  la  outlined. 


SYSTEM  DESCRI.’TION 


Inertial  navigation  techniques,  at  present  used 
for  the  indication  of  the  position  of  a  vehicle  near  lh« 
surfneo  of  the  earth  may  also  be  used  for  interplane¬ 
tary  navigation.  Many  methoda  have  been  suggested 
for  Interplanetary  navicattor.  but  Inertial  techniques 
rre  of  interest  because  they  provide  acceleration  and 
velocity  PS  well  as  position.  Additionally,  Inertial 
techniques  have  been  well  developed  in  the  last  decade 
and  the  technology  should  be  farther  exploited. 

In  a  Urreatrlal  Inertial  navigation  system. 


accclefomeUra  tense  tW  compoAeott  of  tccelsratloo 
of  the  vehicle  la  orthocooal  directloat.  The  tvAelero^ 
meter  outputs  may  be  latecrmiad  oacc,  yieldlag  (be  vo* 
hicle*s  veleolty,  sad  agala  to  yield  positloa.  A  Bchuler 
loop  la  ased  to  mainUle  the  pensing  auces  of  theacedero- 
meters  perpendicular  to  the  eArth**  gravilaUonal  (laid. 

Attempting  to  apply  these  techniques  to  later- 
plaaetnry  aavlgatlon,  va«toua  difnculUss  are  eaoountsr* 
ed.  H  is  well  known  {Ref.  1)  that  as  accelerometer 
reads  the  aoa-fteld  forte  per  unit  mass  fspeclOe  fores) 
epptled  to  the  vehicle  la  which  the  scccleromcter'a 
case  Is  rigidly  mounted.  Hm  gravitational  field  foredt 
acting  equally  on  the  sclafxUe  mass  and  Its  case  pro¬ 
duces  no  relative  diaplaccmcni  of  the  mass  and  there¬ 
fore  no  Indication,  ‘^ua,  la  the  case  of  an  Interplane¬ 
tary  epace  vehicle,  where  the  vehicle's  accclcratloa  la 
determined  by  the  reaultaatof  the  specific  applied 
thrust  and  ihe  apeclflc  gravtUUonal  field  force,  oaly  a 
porUoD  of  the  acceleraUos  la  measured.  Expressing 
the  above  mathcmsUcally 

a  =  T/M  •  R  -  g  O) 

where  a  Is  the  reading  of  the  a  xelerometer 

T  la  the  applied  thraal 

M  »a  the  mass  of  the  vehicle 

R  la  the  total  acceleration  of  Ihe  vehicle 

C  is  Ihe  specific  graviiaUenal  force  at  the 
position  of  the  spaci  vel«lcle 

Thus  U  may  be  seen  that  the  accelerometer’s 
readings  give  (he  vehicle's  tcceleralioo  due  to  all 
causes  less  the  specific  gravluJonal  force.  H  is 
apparent  that  If  e  could  be  obulocd.  It  could  be  added 
to  '*a*'  yielding  K.  the  actual  acceleratloa  of  the  ve¬ 
hicle. 

Tbe  •pcclflc  graviUUoD  Is  equal  to  the  resultaid 
of  the  gravitational  forces  <hje  to  Cie  sun,  earth,  other 
plancia.  planetary  SBlelilles,  etc.  i:^e  effect  of  man¬ 
made  bodies,  and  the  sUra  arc  negligible  as  wtU  be 
showQ  later.  Tbc  expression  for  specific  gravluUo* 

Is 


where 


,,1,  ,2, 

™  ™  -"-prSy— 

th 

Is  the  spec’.nc  force  due  to  the  m 

"bod, 

M  If  the  mass  of  the  body 
m 

!■  the  univ.r*,!  grmvIUUon  coiuUnt 
I,  the  poalUnn  of  the  m**'  boi^ 

R  I.  the  poiltlon  of  Interert 
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T^e  qmadty  Si  It  known  for  etch  body  of 
icrott  tod  II  dM  potuloo  of  the  body  nuy  be  found 
from  ao  cpbeT^eiit  m  a  functicu  of  time.  ‘Huui,  If 
time  and  the  vehtele'a  poalUca  are  known  g  may  be 
computed.  Utina  thta  in  equation  (1),  R  caa  be  oom> 
puted  and  heoce  R  aod  B  can  be  computed.  Il«  la  tura, 
can  be  uaed  to  compute  g.  If,  In  adrUtlon,  R  aad  A  of 
the  vcblcla  are  known  at  aome  time,  t,  aay  t  *  O,  thaa 
there  It  available  all  the  laHormatlon  required  lor  the 
continuoua  ooniputaUoB  of  R.  and 

Specifically,  atartlt^  at  time,  t  =  O.  the  kacrtm 
value  of  R  la  uerd  to  compute  f  from  equiUoo  (I).  g 
and  thf  accelerometer  output  **a**  arc  combined  to  com¬ 
pute  R.  R  la  lategrated  with  rctpcct  to  Unve  glvlcg  aa 
Inci^mcot  In  velocity  which  ia  added  ifi  the  known  valna 
of  R  at  t  *  O  to  give  a  new  %*aiue  of  R  at  the  new  t^ 
(the  lime  of  IntegraUun).  Simultancouely.  R  la  In* 
tegreied  with  reapect  to  time  giving  an  Increment  ia 
poiltloQ  which  la  added  to  the  known  value  of  R  at  tK> 
to  five  a  new  valt^e  of  R  at  I  -  1..  Thla  proceaa  la 
repe&lcd  Indellaltcly. 

The  computaUoo  loop  la  ahown  In  Figure  1.  Tbe 
diagram  ahowa  the  Ideal  caae  in  which  the  computed 
and  ftored  values  are  astumed  correct.  Poaalble 
errora  and  their  effecia  are  dlscuaacd  later. 


BASIC  .SAVICATION  LOOP 
FIGURE  I 


In  the  above,  all  qunntlUca  must  be  measured 
cr  operated  on  acparaUly  for  each  component.  In  aa 
actual  computer,  three  loops  alnilar  to  (he  abora 
would  be  used,  one  for  each  of  the  oxea  of  an  orthogoa^ 
ai  coordinate  aystem  auch  aa  cylindrical  or  rectangular. 

The  Indli'ldual  loops  arc  Intcr-relited  by  tba 
necessity  of  compttlicg  the  distance  from  the  aUraeUng 
todies  to  the  vehicle,  and  by  acceleration  terms  arising 
from  ihc  rotation  of  the  accelerometers. 


Regartflesa  of  the  choice  of  coordinate  system, 
the  direction  of  the  accclrromctcr  .axes  must  always  be 
kno^^-n,  pri-ft-rablc  along  the  nxis  directions  of  the  cho* 
sen  8)sU  m.  Some  typi  of  stablr  platform  for  the  sc- 
cclcromcli  rs  la  required.  It  ia  conU  mplatcd  that  such 
sl.'ihlUrniion  would  be  .nccompll.-^.hfd  by  a  comblnnlloa 
of  fehori  U  rni  gyroscopic  sUiLiii/.ntion  and  long  terra 
corrictions  from  aolar.  plain  Lnry  or  stellar  rsdlaUoa. 


of  a  apaea  vobSela  ttos  Is  iwaat  aid  not  Baal  duo  to  gra- 
vttatioa.  fllaoo  tho  aavigallea  syatem  moat  add  the  gra- 
vitattoesd  tarn  to  the  aeeeleroineter*#  tietput.  It  U  ta- 
atnictise  to  deteraataa  dto  opocille  gravitational  Ibroa 
oa  vartoaa  huUoa.  la  eafaldeiiag  Ihia,  a  apeclfle 
thnat  ot  1#'*  ncter/aea  •  developed  by  oa  electrical 
pawpolatoa  ay  atom,  la  aaed  aa  a  rcfercoce.  QravttaUoa- 
al  tefma  aa  tow  aa  •.tl%of  Oiia  value  or  10*  *  nctera/ 
asc^  would  ha  < 


ProM  (heae  cffltorla  aad  appropriate  gravlla- 
ttooat  enaiputattoua  toa  Isaowtag  coactoaloua  may  he 
fearbwt: 


la  gaaeral.  thrua  bedtos  owsi  be  coasidared; 
the  aua  aauat  alwaya  ba  eaaaldsred,  near  the  aarth  aad 
ccKioa  tocy  mast  aiao  be  eeuaidered.  Aa  the  vehicle 
approaches  the  drstlaatlou  planet,  its  gravltattonaJ 
field  must  bo  coaaktortdL 

«  tt  was  prevtoasiy  stated  that  aa  aooclcratloii  of 
10*  meter/aec^  would  ba  uaed  as  a  reference.  This 
ia  based  oa  the  assumpUoa  (hat  the  fuldance  ayaiem 
described  berela  will  provide  lU  greatest  utility  la  a 
propelled  rather  thaa  a  ballistic  vehicle.  A  vehicle 
suitable  tor  a  BfUssloa  to  Mara  using  a  plasma  propul- 
sloo  aystem  Is  described  La  Reference  2.  A  study  has 
been  made  of  trajectories  using  such  a  profrxlalon  sys¬ 
tem  '.Reference  3):  It  Is  Indicated  that  a  typical  mliiloa 
would  be  nccorapllahed  la  tores  phases: 

af  An  outward  spiral  aroubd  toe  earth 

hj  A  trsAsfer  frofu  the  bellocentiic  orh't  of 
toe  earth  to  toal  of  the  destiaation  planet 


e)  An  Inward  spiral  around  the  Oestlnatloo 

planet 


Aa  equiangular  spiral  Is  assumed  aa  a  ressos- 
able  trajectory  tor  such  a  ukltston;  It  Is  shownn  that  lbs 
radial  a^  traasverae  cowponenU  of  total  acnelemtloo, 
aod  of  gravity  are  all  of  tbc  same  order  of  rnagoltu^. 
Thus  tt  apwars  reasonable  to  use  the  figure  of  10'^ 
mcter/aec*  as  a  reference  figure  for  oomparlaon.  For 
subsequeut  analyses,  trajectories  based  oti  the  theory 
expressed  ia  Reference  J  will  be  used. 


CENERAT.  BEHAVIOR  Of  LOOP 


It  Is  lastrucUve  to  examine  Ihe  behavior  of  the 
computer  loop  of  the  oavlgaUca  sytlenv  under  uitra- 
siioplircd  oondlUons.  aamcly;  In  ■  vehicle  traveling 
along  9  straight  line,  either  directly  toward  or  directly 
away  from  the  sua.  Oaly  toe  effret  of  Ihe  sun  Is  cun- 
sldcred.  Conclusions  tooulj  not  be  drawn  from  this 
exankinatieu,  but  nome  trends  may  be  sees. 


ngare  1  defines  toe  loop  as 

B  -  .  0  r  -  “  ® 


in 


K-' 


(»» 


GHAVITATION,  THRUST  AMI  THAJKCTORIEg 


la  the  simplined  our  dimensional 
considrralloa  this  beeosifo  ^  w  « 

**3? 


(«) 


It  WSJ  aUU-d  In  the  previous  section  that  aa  ac- 
cclvromc'trr  n-.nU  only  Ihr  f^nrtlnn  «*f  the  sccrlerailoa 


X  •  lh«  actaal  pMtttoa  of  ft*  ft*  X 


X  ■  ft*  oomputed  pcwltls*  «(  ft*  **hM*  i 
*  X  wda 

K  •  ft*  Kiiial  V*]**  ef  M.Q. 

M  w 

-  Msa*  of  ft*  ■■■ 

K  *  «  •  ft*  val**  of  h**^  ft"  av*** 

-  ft*  error  In  ft*  ■cc«l*roin*>«*» 
pefl*l*(  ft*  n*Tlc*Uo*  *]r*t*iii  error  a* 


*.X.-X 


..X,-X 


cqumtio*  2  may  be  rewrlOe*  i 


-  -  K  K  >  *  _ 

m  -  t  *  -j- - - — o  (T) 

The  quuiUtjr  K  ^  rrUted  W  ttM  aaUO- 

mnJcftl  unit  by  virtue  of  Kepler*#  to* 


pOCitiM 

^*'5 

b  ftb  •••■•  •  r*pc«*»nU  ft*  error  wlft  r*»t>*et  to 
ft*  eaeft**  *  poalUo*.  nad  •_  ft*  *nor  la  ft* 
•arft'*  pruWHa;  l.«.  ft*  *rrar  n  ft*  aatroaMaleat 


Km  •Oacta  of  trarkm*  typ*«  of  aiTor  wmrea* 
amy  no*  h*  a***.  Aocel*roin«ter  error*  aad  Initial 
velocity  ormn  eauae  a  navlf  atlon  error  oblch  grada* 
ally  laerBaa*  treia  aero  arlft  Ura*.  Navlgatloo  error 
<toe  to  laitial  yotoUoa  error  Inoroaae*  graftially  froa 
tta  *tln*  at  a*to  time.  Error*  loaultlac  bom  ft*  ua- 
haoara  eala*  of  *-  caua*  aa  error  obea*  nator*  1*  not 
IramodUdety  apyfirat  but  ft*  poaaibUlty  of  It  being  * 
amall  rala*  la  aypareat. 

To  evalaate  ftta  *<]ualloa  It  I*  D*o«a*ary  to 
ooralder  a  panloular  miaalon,  and  particular  value* 
of  ft*  *owrcea  of  error*.  Ibl*  baa  been  aooompllabed 
from  boft  eqaatio*  D  and  by  computer  aolutlon  of  ft* 
exact  nqualloa.  TbI*  evaluailoo  abowed  that  although 
the  aavIgBllo*  error  Incrcaaed  wHk  time.  It  romaleed 
arlftta  rcaaoaaM*  bound*.  In  particular  ft*  error  la 
navigallns  ftt*  to  the  uncertainty  of  ft*  aatroaomlcal 
unit  remaiaa  adftln  quite  lolerabi*  limit*. 

Aecontingly  aolutlon  of  ft*  proMerj  la  ft*  ntor* 
realtctic  too-dimenalonal  caa*  am*  unto.iaxea. 


TWO-DIXENSIONAL  SYBTEII 


oberc  y  I*  the  length  of  fte  ye«r.  Tberetoeo  a  ,  ft* 
error  In  aesumpUon  ot  K  may  be  expresaed  la  terau 
of  e^.  fte  error  In  aaaumptloo  ot  X^,  aa  toUowa: 

“  ‘e  (*) 

«%Jcb  may  be  subaUtuled  In  equiUoa  yteldinc 


3K  _ 

'  X;iX  ~el* 

Thie  equation  I*  a  non-linear  diaercntial  «qia> 
Uon  for  which  there  Is  no  ready  solutloo.  Hoverer.lf 
c^^X.  and  X  la  aseumed  approximately  constwit,  aa 
approximate  analytical  solution  may  be  obuiacd  a* 
follow*:  i'  « 

e  •  -5  (CO**  ft  -  1)  etnh  pt  *  *  ooobgl 


IJcxMhpi  111) 


b  ftl*  aection  a  model  wlU  be  oalablUhad  of  a 
vehicle  traveling  In  a  plane  oonUInlng  the  aua,  the 
effects  of  the  planet*  axe  tgoored. 

lb*  actual  trajectory  of  a  veblcla  la  aa  Esrft 
to  Mar*  or  Earth  to  Venus  mission  will  be  very  nearly 
In  a  plaae  containing  fte  sun,  ao  that  fte  aatumptlon  of 
ft*  Tcblclc  travelli^  la  aucb  a  plan*  Is  resaonaUe.HoW' 
ever,  alace  the  planeta  have  alguUlcant  effect  on  fta 
trajectory  daring  certain  poalUona  ol  the  space  veblel*. 
the  rraulta  *1111  cannot  be  considered  coocUslv*  but 
merely  ladicaUvc. 

lbs  orientation  In  apace  of  fta  orthogonal  pair 
ef  aecelcTometcrs  can  be  arbitrarily  chosen.  However, 
two  logleal  possIbtllUes  ar*; 

A.  Acoeleromeftr  array  such  that  000  unit  la 
always  along  a  line  from  ft*  cent«r  of  ft* 


B.  Accelerometer  army  fixed  In  IMrttal  cpac*. 

b  clfter  array,  boft  accelerometers  ar*  align- 
ed  In  ft*  plaae  ol  vehicle  rooUon,  An  analyils  ot  the 
■us  orleated  accelerometer  array  wdli  aow  b*  made. 


where  e  la  the  error  In  dclertnlnalJoa  of  fte  laltlsiveto- 
cHy  ' 

Cg  la  the  error  In  dclerrolnatlo*  ef  fte  laitial 


8»a-Oi1*atad  Accelerometer  Array 

Flgar*  2  iHualrstee  fta  space  and  platform 
geometry  of  such  a  eysleni,  Thl*  udU  hereafter  be  ro- 
birad  to  a*  aa  B-THETA  <R-e)  ayaten,  Flgur*  2 


■bow*  Ike  •eeeltraaitiir-tBtafralor'-^  /apvtor  aW* 
■fill  ol  Iba  mjttva.  la  Mock  lom .  a  and  e  r*a  aiad 
■or  eoonttaaten,  and  ttia  mtttcr  c  U  aaaJ  to  dM> 
ttncabh  eonapntad  qaaatttloa  (rom  tba  aetaal  ^oaattttaa. 


nOURK  t 


farfanataea  dlflemcaa  art  tbaraby  aspaotad  traai 
gM  aaa-^iacMioatl  oaaa. 


Ibt  aqaattona  tor  tta  B-  6oaaa  map  ba  wrlttM 
bnv*n>ioa  ftaa  Flxuia  k. 


T»  alios  br  acoaltronaitr  arrorn  lha  qnna 
tfltn  a  aid  it*  taapeelliraly  akould  ba  nddad  la  aaA 
bawbaAi  qaa  Jflj. 

fuqaaUoaa  (t)  and  (2)  arc  rcadflp  oaavartiMa  la 
ba  tmnm  aaceaaanr  for  error  aaalynla  by  aufaatltwUag 
Iba  Maalac  tanaa  la  baa 

a  -  *  (»« 

o 

d.^-e  (*•> 


R-O  NAVIGATION  SYSTEM 
FTCURE  i 


Tkc  ''{T*  accfleromater  reads  ba  mua  ot  ba 
nuUal  aoccleratloa,  R,  tho  ceotrlpeUl  aooeleraUoa. 
-O^R,  leas  the  graviutloii,  -K/R*.  To  obtain  R  ,  R^ 
must  be  tntetp-ated  twice.  Tbere''  re.  It  la  necessary 
to  subtract  the  centripetal  acceleratloo  from,  and  add 
be  fravltaUona)  term  to,  tbs  output  of  ba  aocelero- 
Bslsr. 


Tbe"e"  ecoeleromster  meaaarev  be  trana- 
T«^  aocelerstloa,  eR.  and  tha  oorfolla  acceleration 
t8R  (no  (lavltatloa  Is  measured  since  bis  accelero¬ 
meter  la  assumed  orthogonal  to  be  soo's  Odd).  Tbs 
eeriolla  scceleratloii  must  be  subtracted  Croin  be  am- 
celerometer  output  and  be  result  multiplied  by  1/B. 
Two  InlegreUoas  bea  yield  be  angular  poaltlon. 

The  "H''  and  "e"  oomputatlooal  cbannsla  aia 
laleiTclaled  by  be  oeatrlpetal  and  corloUa  correottoao. 


a  -  A  ♦  le  'dR  »  1b‘»«  »  «*B  *  i*a - %~ 

*  T-1*  'a 
CR«a)*  R*j 

1  •  -  toil  -  2R8  -U»*  k^jlW) 


la  order  to  obtain  machlaa  aolatloaa  of  ba 
•haea  sqaaUoas,  II  war  oecrasBry  to  select  typlael 
trnjaelarlea.  Agala,  the  etebod  of  Referaaea 
<3),  a  pair  of  tra)ootortea  (oos  to  Mar*  and  ona  la 
Venaa)  vat  scieeted;  bob  aollabic  li:r  use  aib  an 
ilaililii  projulsloa  ayaiem.  Flguro  4  UlueUatea  ba 
tntperaarles  ased. 


TWO  DIMENSIONAL  TRAJECTORIES 
nOURE  4 
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rapof^  Aowa  a  eonaldar^a  defraa  of  eaelllatory  bit- 
karlor  iHUeaUBf  dut  the  vesy  loaf  teiB  Iraada  adaaar 
of  dia  oaraaB  ara  aianao4dal.  Wa  ao4a  Ibad  afVM 
aouroea.  o„  aad  a  .  predamlnala  aa  lar  lha  oaa- 
dlBiaaatootf  eaaa.*’ 

10  obtala  aa  oaaraD  aatliaata  af  Aa  total  aaal' 
gattoaal  error  It  la  aaauinad  that  aaeh  anor  aoaioa  to 
Ittkpenlsnt  of  aay  etbar  and  may  kaae  aMkar  a  plaa  or 
mlBoa  alee.  Tba  root  aaia  aqnara  of  all  arrora  la  lha* 
ebtalmd.  Thia  haa  bean  carried  ota  tor  t  T  for  too 
Mara  md  Vanaa  Hlaaioa  wllh  toa  raaolla  ahooo  to 
Tabto  O. 

Radial  Tranararaa  ComMaod 
Mlaaloa  Error  Error  Errer 

Mara  2l.tal9**m  l».4*l***to  I».lol#**to 

Veaaa  S.lalO**  18.aal***m  lT.<xl***to 


AUt^aoaUtoaara  MM  aatto 

TWO-DMEHIOOML  TTIAJECTOHI  COH8TAWTE 
TABLE  I 

to  order  to  oMato  anoMrieal  data,  ataodard 
valuea  of  error  aaartea  kana  tweo  cfaoaca  aa  foUuoa 
(la  UKS  aattole 


Error  Sosroe 

Megnttudi 

• 

Ills** 

• 

« 

• 

1 

s 

IS-’ 

0 

A 

IS-* 

• 

, 

•tt 

IV  ** 

.  .-t 

IS 

r*E 

SOalO* 

i- 

uis-“ 

MAGHTTOPElOr  ERROR  90»RCE» 

TABLE  0 


to  (eaeral  toeac  arcre  aclected  by  acsxiroinc  Ihe 
errora  la  poalUoo  or  laatniroentB  were  ipproidinitely 
a.  01%  of  Ow  qoaiitJty  betoc  Bteaeured,  liie  value  of  a 
aaed  la  dul  corrrafntoac  to  the  value  of  a^  ahowa. 

In  rttere  Sea  toe  following  page  there  are 
plotted  cuma  tt  t  tiraea.  t  f^r  the  eeveral  error 
aoej-eea  e^,  e^.  a^  *  0^.  e^.  for  the  Earth  to 

Venus  caae.  Tbo  carves  for  Ihe  Earth  to  Mara  case 
arc  similar. 

CxamliiatJoa  af  toeae  curve*  ahow*  moat  are 
of  toe  leDvral  npoarillal  nature  previously  noted  for 
Ihe  onC'dlnieew tonal  caae.  However*  It  la  noted  that 
several  ahow  dtsttaelty  aoclllatory  chiractera.  Euasl- 
Milos  of  toe  ^t)aad<(t>daU(not  Included  In  thU 


ERBOW  SUMMARY  -  BB  BTBTEM 
TABLE  m 

to  BtakiBg  the  above  error  oompatattoa  aas 
other  factor,  not  prevloualy  mcatlooed.  haa  bees  takas 
lato  aooouoL  Tbia  relataa  to  tha  aooarUUty  la  kaow- 
ledge  of  the  aeini>But)3r  aala  of  a  plBoafa  ortlt  wklck 
la  turo  la  i  elated  to  tha  uneertalaty  la  lha  AatroaomleM 
UnlL  Since  the  ratio  of  Iheac  oeml-malor  aaaa  to  that 
of  the  earih'a  la  well  koova.  an  error  la  aaaumptloBof 
the  Aatrooomlcal  Unit  vrill  produco  aa  error  la  the  ra. 
dlua  of  any  planet'a  orbit  by  a  proportlooal  aiscsiiL  IS 
obtala  a  proper  Interpretaltoa  of  the  aystesa  aocaraoy, 
thIa  error  la  planetary  poalUoa  maat  ba  mibtractad 
frum  the  error  feneraled  by  the  laerUal  narigatloa  ays- 
tem.  Thia  haa  beea  done  la  ttw  proper  ataUatlcal  matt- 
wr  la  arrtvti^  at  Tabla  m. 

For  purpoaea  of  oompsrlaois  too  Icagto  of  ao«k 
trajectory  la  givu  below: 

Esrth  to  Mira  MxlS***tB 

Earth  to  Vetass  22BlS*^*a 

It  is  Ctua  seen  that  the  errer  la  Is  too  order  a( 
e.0t%of  the  mlssloo  length.  In  aetting  ep  the  oiiglsal 
estimated  values  for  error  aouroea  a  flgaTa  o'  epproal- 
mauly  9. 01%  of  Ihe  quantity  being  mcamured  vraa  aelao* 
ted.  Thua.  It  la  acea  that  the  overall  ayatem  perfcras- 
ance  la  eoaalitent  with  the  accuracy  id  Ihe  laatrsineBSs 
and  meaaureisento.  This  ratio  of  aarigaUoo  accaraoy 
to  both  ipatrumcDl  ani  IrJtlal  eoadlUoa  accuraclaa  may 
posalUy  be  uecd  os  a  figure  of  merit  for  aavigalloa  aya- 
toma. 

Another  method  of  evaluating  the  accarsoy  la  to 
note  the  rclallonahlp  between  the  errora  and  Ute  planet 
radii.  Tbe  radlue  of  Mara  la  approalmataly  3.  axis'* 
melera.  The  mis*  distance  la  thua  approximately 
n.  2xir/a.  9xll>°  >  >  Mara  radii.  Eadmatea  bava 
been  made  that  aatlafactory  homing  oa  a  planet  caa  ba 
made  with  mlau  dJotnncea  exceeding  M  piaovt  radii. 

Por  VenuB  with  Its  larger  ridlua  of  t.  IBIS'*  metera, 
a  almilar  calculation  abowa  a  mlsa  dlatsmoe  of  approxi¬ 
mately  3  Venus  radii,  aa  eves  more  favorable  llgura. 
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Bxteaaloaaf  tt«a7*t»m  to  tt*  Mltl-to^.dKrM 
dlmonotonol  oa««  tm  aow  ooBaUarod.  Tka  tinhalipai 
daaerlbad  la  pawrlmia  aaoUoaa  ara  dlractty  apfU- 
oahla  to  aatoUlikiag  (ka  a jstam  oogflgiiraUaa.  FI^bm 
T  la  a  block  dli«raaa  of  tola  ayatam  with  toa  orlitota 
tioB  of  toa  aooalaiwMatara  Gaad  la  toertlal  ivaaa. 


RADIAL  ERROR 

TWO-DIMEN8!ONAI,  R.O  SYSTEM 
EARTH  TO  VENUS  TRAJECTORY 
nOURt  S 


THREE-DtMERSiONAL,  MULTI-BODY,  NAVIOAHOII 
SYSTEM 
nOURE  T 

Tbe  aquaUoM  kn  toa  ayaUm  may  ba  wiittaa 
fVMrmlly  u 

*0  'JI^  *  <^>0  *  “o]  “*» 


rtvncu.  BCM.! 

M*  wi  noct 


ANGULAR  fOUtOR 
TWO  DIMEN8IOKAL  R-O  STSTEM 
EARTH  TO  VENUS  TRAJECTORY 
PIOURE  « 


ConMdantlM  nuut  be  (Iven  to  toa  eboloe  of  coor- 
dlaale  ayatema.  CoaaeraloB  from  oaa  aal  of  ooordlaaiaa 
to  aootber  la  a  ataaidaH  procetoira  taA  iBtrotoicea  bo  41/- 
flculuea,  ao  Uua  ^D/fercot  acia  of  ooordloatea  may  ba 
uaed  for  aaparate  parpoaea  or  at  dUfereot  ooDflsnralloaa. 
To  compute  poelUoa  from  the  accelerometer  raadJasa  It 
may  ba  dealrabie  to  aoa  geoceDtrlo  coordlaates  acar  the 
earth  aad  belloceiMrlc  ooordJoatea  la  latarplanetary  apaoa. 
For  vehicle  coetrol  pnrpoaaa  It  may  ba  dealrabla  to  com¬ 
pare  toe  actual  or  computed  trajectory  wlto  the  achctoilad 
trajectory  la  ecUpdc  equInocUc^  axea,  and  tlmuJtaj)coaa< 
ly  to  ooropute  toe  traje^ry  la  a  oet  of  aaet  wboia  X-T 
plane  la  toa  approsfmata  plaae  of  the  acbedulcd  trajeot- 
©ry. 

CoDaldcraOcw  maat  alao  be  given  to  he  metood  of 
obtalolog  toe  poalUooa  of  Ac  attractlDg  bodlea  for  aoe 
to  the  etpuaUDoa.  There  erlata  aeveral  poaalblllUca: 
Epbemeiia  data  ratty  be  atored  for  plioetary  poaittooa 
at  atated  time  loterwaJa,  Interpolatloa  being  uead  wllh- 
la  toe  time  loterva]*,  'Pie  orbita  of  toe  planete  ima  be 
iletortbed  la  toe  form  of  eultab’e  aerlea  which  would 
yield  placet  poaltloo  eoordlaatea  at  all  tlmea.  Alao  aloea 
a  apaca  vehicle  la  cety  under  the  Influence  of  aay  purtf- 
cular  placet  for  perhape  30  daya,  It  may  be  poesIMo  to 
repreaent  toe  pUaerfa  poelkoa  by  a  almpla  aqoaUoa. 

Sevaral  olbar  probtacna  mual  be  ooneldtred.  Tbe 
aolar  eyalem  la  noa  teertlal,  but  la  rotating  about  tba 
galaxy  oecter.  If  Bcceaaary,  a  more  seoerallaad  aet 
^  equatlooa,  which  Co  not  aaeuma  that  the  auo  la  fixed 
laertiilly,  can  be  cwtihllabed,  and  the  poaltloo  of  too 
Tctilela  with  reapect  to  the  oua  can  ba  obtalaad  arau 
toougb  toa  aun  la  bd(  toartlally  flxad. 


AccBuaaoiam  AmtABnjzATWii 


ooMidnvdM  of  Iko  preUoak  of  aola  ott- 
MIlMftn  «igr  bo  modo.  Ibo  ordor  of  ■upllinli  of  tho 
■oooooBry  oUcBiBoat  ooeonoy  BOjr  bo  dotwnlaod. 

Ffom  ndMio  ■.  tt  ouy  bo  doUralaod  fkot  id 
oipfoooloo  Ibr  o(t)  wwrwm  o  tut  Ibo 
troM  tn)oo«oT7  40 

0(1)  •••1(0.  imt 

Now  if  tbo  rodlol  oiU  U  mloollg— dby  0  ro- 
Aaoo.  tto  rodlol  oooaloroBMtor  «U1  glvo  o  roodlot  la 
onoo  oqool  to  tbo  tronsroroo  Ihmot  Umao  olo  4.  IVo 
offeel  of  tfala  Is  tbo  tamo  ai  aa  orror  to  aaaalaromator. 
TWo  aao7  bo  subatltalod  (a  tbo  aboro  oqoaUoo  rlatdtag  a 
ralallnaoblp  botvooa  aUroabia  mliallgninoet  and  rosoK' 
■aoomr,  Valsa  tbo  Voiua  mlaaton.  aa  aronxo  tbnat 
of  lO'^BOters/MO.  aa  altowablo  roooltaot  orror  of 
atalO^  BoUro,  aa  ostinaM  of  tbo  ^ooraUo  mloaUca- 
SHot  U  «WalD^  aa  f  -  1. 17  a  lO'O  nUMug  or  4  oat- 
Bolaa  of  an. 

no  abooa  oomjBtatloo  oboald  bo  ooaaldarod 
oolj  as  aa  IztdJoatloD  of  tho  aataro  of  Ifao  probtsia. Staeo 
no  orror  <bie  to  aoeolorotaotor  ■ilaallpimaca  dopoodi 
aa  a  oarlablo  Ibruit  a  draaaitc  saaljols  to  raqulrod. 

b  tarraatrul  toarUal  aaTtgatloa  sjratoeaa,  cjto- 
ooufiaa  aro  naod  for  aeooloromotar  axso  otabtUsattoa. 
O/roaoupa  drift  aocumulatloa  ladloatoo  lha  aood  for 
aoaaa  la  traaalt  allganMat  eorroeUoo  for  orbleb  optlsal 
or  radUltoa  osaalog  motboda  may  bo  aood.  If  saeh  oor- 
ractloo  lo  mado  «aeo  orory  24  boors,  a  tnailitKim  drift 
rola  of  o.ooza  dogyasa  par  boor  aooid  bo  ponaioolUo. 


•yrtoaa  poorldoa  nompitmoatary  lalotmaMsd  (HM  of 
P^boa,  dynamlo  qosBtttlaa  laapoodooly)  idM  mair 
bo  of  adraidaga,  Forthor  bo  aoooiaey  roopdrana^ 
of  ooBpoaoata  of  oaoh  oyotom  ladlTlditidly  oaoy  bo 
taallaablo  wboroaa  tbsoo  an  aaood  lor  a  ooaniaad 
eyatom.  Hoomosr,  baioro  a  oomWaod  ajatooa  Is  aa^ 
aldarad  bo  obanotoiiatloo  of  tbo  laortlal  oyonoa  ■■■ 
bo  laoasttfalod  la  groatar  dstaO. 


BUUMAftT 


ns  aoiti  porfonaad  to  data  tadtoalso  bM  a 
raaooaabty  aoourata  laortlal  narlgaUoa  systaa  la  In- 
albta.  Ororall  aeouraoy  of  tbs  ordsr  of  lbs  aoeonay 
of  no  lootruDonta  sad  laltlal  data  la  abtalaabla,  nia 
la  trua  sran  la  nt  faoa  of  no  alasaUa  orror  la  no 
rabto  of  lbs  astroDomlcal  oait.  With  4. 01%  iaUlal  dan 
and  taatnimaol  aoearsoy  sod  do  aooslsraaaator  aU^' 
meat  anor,  oavlcotlOB  orrora  aro  of  tbo  ordtr  of  nraa 
(S)  and  alas  (t)  targat  {dsoot  radii  la  Barn  to  Vaan  aad 
Barn  to  Kara  mlsalons  roapeotlrsiy.  If  lbs  Baoalan* 
matar  allgomaDl  oaa  ba  kapt  wtthb  4  iiiliaitaa.  no 
aaolgatloa  arror  «'il  lacroaas  losa  tbaa  M%. 

A  word  of  o«iUoa  Is  la  ordor.  Tba  otfaet  af  no 
ptaosUry  grarllatloB  tarmo  baa  oot  baoa  ooasblsnd 
and  tbit  may  haro  a  ooasldsrabla  atfoct  on  n#  ayatamu 
Boomvor,  tba  rooulta  to  data  todloaU  lha  dsatrabHJ^ 
of  ooottouad  aoalytla. 


ACIP10W1.E1)OEM  tam 


gYSTCH  COMnOqKATXm 

A  ootoplau  oarlcatloa  syaUm  roqulraa  aa  array 
of  iltoad  aecolaromstars,  a  oomptAar.  ^  an  acoarats 
cML 

_  SlBOa  no  duatloa  of  a  mUslen  U  of  no  ordor  of 
It'  aorowli  aad  clooba  with  aa  accuracy  of  bottar  tbaa 
OBa  part  la  IqI  art  roadUy  arallabla,  lbs  clock  lapoaea 
aa  rostrlotlon  oa  tba  ayatam. 

Tbo  dlflUl  eompotor  used  aoa  bo  qulto  slow,  Tbo 
nroo  oocoleromotar  roodlogo  and  too  ttmo  of  raadlof  oaa 
ba  pat  lato  a  buQcr  aloix^.  Heoco  tba  oomputor  opood 
miBlromenU  aro  dctanolacd  by  ibo  Inlorral  of  latagra- 
tloa  and  by  tbo  poitlbla  oecd  of  aarleetloa  laformatloa 
onnia  any  aueb  latarrsl.  From  Ibc  digital  oomputor  mma 
Bodt  to  tar,  largo  inlegratloo  lotcrvals  can  bo  uaod, 

PrcIliDlaary  ocalyolo  lodlestes  not  tbo  altga* 
nifto  of  (bo  accclomuetcri  moat  be  accurate  to  orllhla 
Door  (4)  mlmilaii  ol  aro  and  cacb  aocclcromstar  must 
bars  about  .  O',  o  aecrracy.  If  tba  aarlgailoa  syslsmls 
aacd  la  a  vehicle  la  vblcfa  tho  throat  la  applied  Inter- 
mttt fatty,  the  dlioonneeUng  tba  accelerometora'  ouU 
pirts  from  tba  oompotsr  ubeoever  there  la  no  thrust 
nwidd  allmlaatt  a  Kubstaotlal  amount  of  na  arror  du» 
to  no  aeoalerome'ara. 

The  optical  syatoia  used  far  allgcmsM  of  the  ao- 
oslaeamaUra  may  mlto  prorlda  Uaallsd  oartgaUoa  lafar- 
aanllau  nrsoUy.  A  oomblaad  optical.  iMrll^  aarlgattau 


Tba  author  trlabes  to  asprsaa  bit  aptupaetattaa 
for  tba  aaalstanoa  ollerad  by  rarloua  parannal  ubo 
parformtd  rarloua  porUoBa  of  the  aaalytioal  aad  mm- 
potattooal  work.  Particular  tbaaka  aro  dao  ta 
Dr.  f.  V.  Ba(b**  lor  hirnlahinf  staadard  trajaetoolaa, 
Mesara.  J.  Port  aad  K.  Sebats  lor  aaalytlotl  atadUaw 
Mr.  f.  Fuaaall  for  Bimiog  oompalsr  stanto,  aad  to 
Mosars.  8.  Brodar,  L.  Loftoa  aad  Mtsa  Z.  nnin  for 
digital  computar  ttodlaa. 
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■n  rammucB  cakbia  m»ix 

Br.  t.  CrtTf  KA  LiW>r«toriM 


r«ool«tiMi  vkftck  ccm 

tm  W  •cc^pt*^  la  coMoo  ^actUa  far  talaivliiaa 
ccaara  tuba*  aap  ba  m»ch  pootar  aks  cba  altl* 
wit«  capability  ol  thaaa  laata  traoaJaeara.  la 
or^r  to  axplora  Cha  llalCa  of  caaaaa  ra- 

aolvlnt  capability  aad  ta  praAaca  ckhaa  alilcb 
caa  traatwlt  aora  la f eraat laaal  Aatait^  aa  la* 
vaatlAittoo  baa  baaa  uDAortakca  af  aka  iaa^lac 
procaaaaa  of  vhlcb  tba  tuba  ta  coaatttata4. 
Furtbar  ^valopHOnt  of  raaolwtloa  ia  aaaful  to 
fill  tba  ban^ldth  of  coavaattoaal  uaaaalaaloa 
rataa;  for  raconnalaaaAca^  it  ia  a  aaaaaalty. 

Ibla  «*ork  haa  baaa  AlractaA  taaari  twbac  of 
tba  Isuga  orthtcoa  claca,  Tba  raaalta  ara  appli- 
cabla  to  othar  caaara  tubaa.  Tba  parpooaa  of 
this  dltcuaalcm  ara  to  outllaa  tka  aaf baili  of 
attack  for  ayataaatlc  raaolutloa  lap riwiatat  ao4 
to  prctant  axpar laanCal ly  Aarlva4  iafocoatloa 
rcgardlrvp  aoaa  of  tba  laaglag  procaaaaa* 

figure  1  ahowa  a  achcaatU  Araaiai  af  a 
convent looal  inaga  ortblcoa.  Itgbt  frao  tba 
accne  la  iaaged  onto  cha  photocat ba»ia»  wbara  It 
ralaaaaa  a  nuober  of  photoalactroaa  aklcb  ta 


tm. 


JtfAci  oATMcaa 
•  «  t 


proportional  to  tha  intanalty  of  tba  ligbr.  Tba 
factor  of  proportionality  la  tha  pboCacatboda 
aenslClvlty.  These  puotoe lectroaa  ara  loa  ged 
by  a  coablnatlon  of  ao  elcctroatatlc  field  and 
aclal  M^netlc  field  and  atrlke  tba  loaalating 
target  at  high  velocity.  Since  tba  aacondary 
nlaafon  ratio  la  greater  than  unity,  a  poaitlve 
charge  la&agc  ia  developed  at  tne  cargat.  Tha 
conducting  collector  aieah  la  flaed  ot  a  potenti* 
at  a  feu  volta  poaitlve  relatlaa  to  tbe  gua 
cathode.  There  la  therefore  a  mkImm  aignal 
which  Can  be  developed  for  a  glwea  cargeC*oeah 
capacitance.  Secondary  electrona  vkicb  originate 
froo  a  target  element  which  la  at  a  blgbtr  po* 
Centlal  than  the  aw*ah  wilt  not  be  collocled,  but 
will  Inatead  be  redlatributcd  to  tha  target* 


Tba  alactraa  kaaa,  aklcb  ia  aada  ta  acaa 

tba  target  by  a  aataattc  Aaflactlaa,  parfani  Caa 
fuBctiocia  In  dapoaltlag  aagative  ebarga  at  aacb 
target  alaaant  ta  naatraltaa  tba  poaittea  ebarga 
produced  by  tba  pbetaalaetroa  actloa*  Tbaaa 
ebargaa  ahanld  racaakiaa  aitbia  a  frana  ttea* 

Tba  bean  aatabliabaa  aa  a^tllbrlM  potential  at 
tba  target,  la  pcaparaciaa  far  tba  latagratiea 
of  neat  frana,  and  It  raada  eat  tba  alpaal 
atorad  at  cha  target*  Tka  aignal  ta  aatractad 
Iron  tba  nagatiaa  nedulatlaa  an  eba  ratnn  baan* 

la  appfoacbtng  tba  pcoblan  af  raaolatioa  ia 
a  canara  tuba,  ana  begtaa  by  tadarateadiag  tkat 
tba  tuba  la  a  ayacan  wbicb  la  cenpoaed  of  caa* 
cadad  Inagiog  procaaaaa*  Sacb  of  thaaa  procaaaoe 

ia  a  loa*paaa  ftlcar  nltb  tta  cam  raaponaa  char* 
actarlatlca.  Tba  raepanaa  af  tim  ayatan  ia  tba 
raaponaa  of  tbae  -  flltara  la  caacada.  Ika 
problen  la  attacked  by  atwdylt^  and  dayataplag 
each  of  tbaaa  procaaaaa* 

lo  tba  Inaga  ortblcoa,  tbara  ara  tbroa 
fundancntal  inagiog  or  apartura  procaaaaa:  Iba 
image  aactlon,  tba  ataraga  target  and  tba 
electron  bean*  ta  conaldaratloa  of  other  canara 
tubes,  other  conbimatlana  ooold  be  conaidarad. 

Tha  Imaga  of  a  point  lo  tba  pbotocatboda  la 
coi^fuaed  <Qto  a  dlac  at  tba  target  bacamao  of 
Cha  photoelaccron  ueloctty  dlatribntlon  on 
cnUalon.  Elactr^a  af  any  radial  velocity 
aaacuta  helical  ^rejactariat  about  the  nagnatlt 
field  In  an  orbit  time  «4»lcb  depemda  only  on  tba 
nagoituda  of  ebe  flald,  alibougb  tba  orbit  dl* 
anetara  ara  proportional  ta  tba  radial  valacity. 
If  there  vara  imi  variation  ia  ailal  valacity,  all 
alaccrona  erlgloatiag  In  a  point  aC  tba  pbota- 
catbodt  could  be  lodged  to  a  point  at  tba  target, 
by  adjuatlng  tba  alcetroa  craaalt  tine  to  a^nal 
Ita  orbit  clan.  <km  actnally  focuaaa  by  onklng 
thla  aiatch  for  an  Utanardlaca  aKial  valocitys 
faacer  photoelectrona  will  act  have  raaebad  focut 
at  Che  target  ubllo  alonor  electrona  will  bava 
already  paaaed  tbraugb  facna* 

The  fomatloa  of  tba  baan  apot  la  baaically 
dependent  on  tba  aana  kind  of  inagiag  In  a  long 
nagretic  field.  Bowever,  the  baan  alactrena 
approach  Cha  target  at  low  velocity  la  tbe  Inaga 
orchicon.  Tha  lateral  field  preamied  by  tba 
charge  pattern  at  tba  target  la  able  to  affect 
the  bean  Image  by  deflecCtaa,  and  apace  charge 
can  cone  into  play,  aa  baa  baan  obaarvad  in  aona 
of  our  eRperinmta. 

The  aperture  property  of  tha  target  la 
determined  by  Ita  lateral  realatanca,  and  ia  a 
measure  of  how  well  It  can  keep  tha  ebarga 
pattern  In  place  for  a  frana  Clna* 

*Thia  research  baa  been  aapported  In  part  by  Tba 
United  Statea  Air  force  madar  Contract  Bo. 

AF  33(6l6)-66g2,  nonltnrad  by  tba  Electronic 
Technology  Laboratory,  VASB. 


380 


AootiMr  frocaatf  «4tcli  !•  not  fundMiviKsI 
to  tho  iaM(«  ortklcoo  Wc  vtiicli  1«  iayortoat  1« 
tW  coovontloMt  of«r«tt«a  of  tlito  tub«,  to  tha 
Uohogo  cko  MgiKttIc  4«flo<tloa  Clold  iat* 
tW  iMfo  oociloa.  It  ^rtor^  tiM 
oUetroo  tr«)occarlOft  m4  OMAri  tbo  laoto  fa 
cte  torgot.  tliia  offoot  1»  oatPobH  to  tbo  aaaa 
bind  of  Tciroooa  aaolyila  oo  tbo  othot  oloctraa 
ogticol  ptocoooea* 

boCcro  dooooiblog  ocao  of  tho  ootHodt  ood 
ft^tolto  ia  ttadylng  oMora  tuba  rooponio,  tba 
aelHodo  of  t^oclf Icattoa  of  resolution  ohoultf  ba 
reelevod.  followiog  Scbodo.l  Tbo  olne-wavo  rco* 
poAM,  of  aa  loagiag  ayattii  U  tho  r«* 

lotlvo  aaiplltudo  of  tbo  output  of  tho  ayecoa  ao 
a  fuactioo  of  spatial  frogotncyt  when  tho  lopoC 
Is  a  bar  psttcra  of  siaosoldslly  varying  as^li* 
tude  ond  varying  spatial  frequency.  The  dlataaco 
unit  ono  fcoerally  ceaalders  In  television  la 
the  picture  height.  Tbo  frequency  unit  lo  iba 
Hne*nuatber,  n,  which  ie  the  totsl  nuabor  of 
bars  to  the  pottcm,  both  block  end  utalto,  wblcb 
can  bo  flt*»d  loto  the  dlsr«oce  ir.lt. 

besponses  to  squarc*wsve  inputs  are  roodftp 
convertod  Into  alac-respooso.  The  slne^wavo 
response  Is  o  vorp  cne^lete  expression  of  tbo 
spsrture  response  of  an  laagln|  process.  Tbe 
sine-wove  response  of  tho  systea  st  a  ^Iven  lioo* 
nuabcr  Is  the  product  of  tbe  responses  of  ico 
cssesded  coapooents  st  thot  llne*nuabsr.  Aa 
excellent  singlo- nuoiber  represencst ion  of  re* 
solution  cspablllCf  is  ao  Inforast  ionsl  power 
Integral  across  Che  sine*w«ve  response: 

1^5  <«>]*«• 

Schade  hee  deaoostrated  tbat  leafing  systeoNi 
with  differing  concoure  In  sine*wave  response 
but  with  equivalent  H^'a  provide  subjectively 
equivalent  sharpness.  The  for  a  systea  la 
closely  approsiaJCed  by  the  Inverse  qusdrsturo 
of  tho  h«*t  of  Its  coapoae nis. 

Tho  bf  for  a  good  average  three*  inch  laoge 
orchicon  operating  near  the  knee  in  its  transfer 
characteristic  ao  thst  the  effects  of  redlstrl* 
buclua  are  not  too  strong  Is  sbouc  2y)  lines,  0€ 
2£0  lines  per  Inch. 

The  usual  specification  of  resolution  fi^ 
t^ras  of  Halting  l|i»e*aa»ber  is  of  little  la* 
lerest  for  these  purposes,  beesute  of  its 
aabigulty.  Processes  with  the  asae  Halting 
response  can  differ  consldersbly  in  their  res* 
ponse  at  interaedlate  I  loe*nusibers  .  furtheraore, 
one  in  concerned  here  with  georAetrlcsl  pro* 
pertics  of  lasgftvg  systeoa,  whcrcss  the  observ* 
able  Unit  in  resolution  at  low  signsl  levels  is 
detfrnined  by  the  signs  1* to*noltc  ratio. 

1.  0.  H.  Scivsde,  **lasge  Crsdsclon,  Ctslniness, 
and  Sharpness  la  Television  and  Hot  lon*PicCure 
Systeas,"  Part  IV,  JouTy  5HfTCt  b<i,  p.  591 
(Hovcfl^r  195^). 


figuta  t  shows  tbs  bssis  swpsrlsat  fsv 
dstsfalolog  tbs  rsselutlor  capability  af  ifka 
iaags  asetioa  procaas«  lbs  frost  sad  ad  tba 


twaat  Stcvion  astarusi  etisonu  Shsieia 
r«  t 


Cube  la  tbs  iasge  section  of  a  thrsa*iscb  loaga 
orchicon  in  which  the  collector  aesb  has  basa 
oaicted  and  the  insulating  target  baa  bsaa 
placed  by  aetal  foil  which  cootalaa  a  atit  a  Caw 
ten-chousandtha  of  an  inch  wide.  A  disc  a€ 
light  of  a  few  ten- thousandth#  of  an  Isvb  la 
disaatsr  la  laaged  onto  the  pbotocatbods  aai 
tracked  across  it  with  a  aieraaetet  d  Isa  sg  tbs 
source.  Tha  photoelactros  iaaga  la  I  cMa  say 
tracked  across  the  anslyilng  tilt,  d  vasb 
suppresses  secondary  electrons  which  wigisate  la 
the  target  foil,  and  the  photoalectrsM  sblab 
have  passed  through  the  slit  and  tbs  aesb  oca 
accelerated  and  strike  a  pboapKsa  layer  bacba4 
with  opaque  aluaiaum.  The  light  wwtpwt  Casa  tbs 
phosphor  1#  read  with  a  phoioaulcipller.  A  liao* 
trsnsofsslon  curve  is  traced  out  Is  this  as^. 

The  Fourier  trsnsfora  of  this  functlsa  Is  eba 
slnc*wave  response  of  tfea  loags  sectloa  pracaaa 
In  cssesde  with  the  respcises  of  the  sasljslsg 
slit  and  the  light  spot*  Tbs  rsspoose  sd  iba 
silt  Is  known  Iron  Its  width  sad  tbe  lespOMa  of 
the  light  spot  is  detcmlned  by  aa  iodapaadeat 
saasureoent,  ao  the  ainc-wsve  rssponao  ad  cAa 
iaag«*section  process  caa  be  oatraetad* 

Figure  )  shows  tbe  results  of  sydi  rspsrt* 
oents  on  focus,  compressed  Into  Ms.  Tta  yABCa*- 
cathode  Is  the  standard  Ag-ll'Cr*0  aarCaoa,  aad 
a  tungsten  leap  st  high  tevperatvrc  is  tba  light 
source.  The  Inagt  section  Is  lundaasatsllg 
suited  to  very  high  resolutloa  applUstlaaa.  1^ 

Is  about  1300  lines  per  loch  with  -300  or  -NO 
volts  st  the  photocsthode  is  alngls-loop  spaa* 
stton.  The  response  decreases  with  lowsa 
photocsthode  voltage  or  photoalectroa  iTtssIf 
tlwe,  as  is  known*  Although  s  slopls  tbsaay 
predicts  thst  the  resolwtloo  is  lodepesdaag  sd 


nc  s 


th«  twmb^r  of  <7clotroo  ^rlo4«  cMK;ut«4  hf  tba 
photoo  Uctror*  let  •  fixed  treoelt  tliw,  tc  Uf 
been  found  thet  rteponee  ie  defcedtd  by  auliA* 
fit  loop  operetioa. 

Tbeee  Meeured  reeponeee  «r«  (broe  mt  tet 

(1m«  hlfther  then  whet  will  be  eotlMted  Ire*  « 
ccaputetirm  of  Che  i»«$«  dleveter  «K  tbe  Uirfel 
fro*  •  point  eourcc  in  the  photocetbode  vlcb  • 
rerift  of  ceUeloo  vtlocUy  of  om  If  oee 

•••vepci  Chet  the  electron  flue  In  the  Inefe  ie 
felrly  unifomly  dietrlbutcd.  The  flux  denetcy 
ie  eccuftlly  cro^^d  eherply  to  the  c^etet  •!  tbe 
point' Inepe. 

Thcec  retulce  do  not  inply  that  tbt  eperteee 
reeponee  of  en  opcretlng  Inegc  eecclen  1«  mm 
Inage  orthlcon  elweye  hee  thle  quality.  Pl^nrt  4 
■hewf  the  verietion  tn  inege  section  reeponee 
with  devletloo  la  the  Mgnctic  field  frOH  cW 
fecue  condition.  A  one  percent  devietioa  la  foe— 
coll  current  cen  decreeee  the  rceponee  by  mmm* 
belf.  The  focue  Held  euppllee  eniet  obelovely 
be  vell'feguleted.  Furthermore,  in  erdee  t« 
obtain  unllornly  high  reeponee  over  the  emefre 
picture  eree,  the  orbit  time  for  pbotoeleeCreee 
euit  be  matched  to  the  Crannit  time  wltbln  tbe 
narrow  UmUe  apecKled  by  ihcne  meaanremrnte 
for  any  point  of  origin  In  the  pKotneatbode.  Tbe 
curvature  of  the  Imajcc  field  h«fl  be>en  ■raanrtd 
In  a  number  of  nHxh'ls  of  tbe  three' inch  Image 
orthlcon,  and  hn»  been  found  to  depend  oa  Cha 
ratio  of  the  image  accelerator  voltage  Ca  Cha 
photocathode  voiia«e.  When  thla  ratio  ia  ton 
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high,  the  Image  field  ie  enclave  toward  tha 
photocatheda,  becauae  tha  orbit  tloe  off'dala  la 
ralatlvely  too  ahorc.  When  tha  ratio  la  too  loir, 
tba  Image  field  la  curved  in  the  oppoalta  eenaa. 
le  am  image  orthlcon  which  does  not  cootela  a 
field  meoh,  this  ratio  le  aaaigned  to  mlnlmlaa 
image  dlecortlon,  and  ia  too  high  for  a  flat 
image  field.  It  haa  been  found  poaelbla  to 
produce  •  flat  image  field,  coincident  with  tba 
plame  of  the  target  aimulceneoualy  wttb  tow  dim^ 
tort  ion  by  ahuntlng  off  part  of  tha  magmatic 
field  with  a  pcretcablc  ring  around  tbe  imega 
aectlon.  The  devlaclee  from  fojua  out  to  tba 
cormera  of  ratter  cerreapondt  to  leaa  than 
half  percent  of  the  focua  coil  current. 

Experimental  analyala  of  electroa  Oeama  far 
camera  tube#  hea  been  performed  In  two  acetioma. 
Flgwre  5  ahowa  one  method,  which  fa  amalogoua 
lo  tba  image  aectlon  experiment.  Tha  beam  to 


iOf  f«AN«wiS9iON  wcaruaiwcar  cr  CLtCTeoe  acam 
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made  to  acar*  «  thin  metal  target  ecrooa  two 
F**^allel  narrow  elftt,  imte'hvfMireth  of  aa  Imc^ 
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apart.  IlactraBa  Mklck  paaa  tte«i«k  tka  allta 
appraack  a  flat  aaak  <Al«k  kaa  koaa  aaa4  *a« 
axial  aalocltp  aMlyala,  UactraM  aM«k  taa 
paia  tka  aa'.h  pcacaa*  ta  aa  alactraa  aaltIplUr. 
Tha  praaanca  ol  t*«a  allta  pravl^  a  4lataaca 
rallbratloa  foe  tka  aaalpala  al  tka  llaa-traaa- 
ataalao  fuactloa  akick  la  Jarlaaa  aa  a  alsaal 
froa  thU  tuka.  kpatt*^  raapcaaa  aa4  tka  radial 
dUcrlbutloa  of  alactraa  flat  la  tka  kaaa  apot 
ara  dataialaad  fraa  tka  llaa>traaaalaataa  aaaa- 
uraaaata.  Iho  atructara  of  tka  kaaa  U  atadlad 
la  ibla  way  la  tka  akaaaca  af  tka  lataral  flalda 
producad  la  tka  aatdkkochood  of  a  mra  taka 
tartat  by  tha  ckaria  paLtara  It  carrlaa. 

Tka  aacoad  axpariaaatal  ayataa  la  a  aoao* 
acopa..A  pattara  of  laaulatoa  la  kar  pattama  of 
tocraaalod  frataaacy  la  foraad  oa  a  aatalltc 
bate.  Apartura  raapoaaa  of  tha  kaaa  aay  ka 
acaaurad  froa  tka  talnlatea  algaal  It  proAxaa 
vhan  It  acaoa  tka  targat.  Targata  aay  ka  aada 
to  operata  at  altkar  klgk  or  loa  kaaa  aaloc.ty. 
Tha  atgnal  la  prodocad  at  klgk  valocity  ky  tka 
dtffcranca  la  aatoadary  aalatloa  ratlaa  af  tha 
Inaulator  and  aatal.  At  loo  valocity,  tka  kaaa 
aeaa  a  dlffiraoca  U  potential  froa  tka  laaulacor 
and  tha  targat,  aad  kaaa-bcodlng  affacta  aay  ka 
obtarvad. 

PIgura  k  akoM  tha  apartura  raapaaaa  of  tha 
beta  on  focua  at  high  valocity  froa  an  laaga 
ortfalcoa  gua.  Tka  data  kava  kaaa  riapraaaad 


Into  and  ara  akoMv  aa  a  fuactloa  of  kaaa 
cuircnt.  la  tha  raaga  of  currant  taynlrad  to 
operata  an  laaga  orthicon  at  klgk  algaal  level, 
the  la  about  1100  linen  par  Inch.  Tkla  la 
nlgnlflcaDtly  battar  than  would  ba  obcalnod 
froa  tha  laeglng  of  the  final  llnltlag  apartura 
In  tha  gua,  and  the  direct  lafaraoca  la  that  an 
alnctrcm  croae-ovar  within  tha  gua  aoallar  than 
tha  Uniting  apattor-i  la  Inagad. 

Rcaolutloa  la  poorar  at  low  valocity.  A 
dccrcaaa  In  rcaolutloa  which  kaa  a  bakavlor 
which  can  be  attributed  to  apaca  charge  kaa  baen 
Obaerved.  Aa  affect  railed  ‘’aalf-aharpMlng* 


utklch  kaa  kaan  pootulalad  for  tha  l«a-valaclty 
ko«s,  accord  li«  to  which  bean  raapouo  viU 
lavrova  aa  tha  targat  voltage  la  detiaaaad 

rrr - low  axial  valocity  nay  ba  comlatad 

wltli  larger  dlatanca  fton  tba  baaB  cantar,  kaa 
hnnn  okaarrad  only  In  relatively  high  canrant 
knana  of  akout  eoa  alctoaapara.  Tba  affect 
even  bare  ta  caall,  and  it  could  not  ba  okianrad 
ertth  anallar  beaa  curtaata  auck  aa  would  ba  uaad 
la  tha  laaga  ottklcoa. 

ftpura  7  ahowo  tha  raductloa  la  raepeewa  fee 
tte  bigh  velocity  bean  with  variation  la  tha 
alnctroatatlc  focuatng  field.  Tka  raapanaa  af 


OCViAllOM  0*  MUC 

rtc  T 


tlw  «Uctron  bew  fro*  iM$«  orcbicoc  goa  !• 
morm  •cnwLtlve  Ch4n  Cb«  M«ttoo 

t*  v«rl«tlon  lA  th«  focutlng 
AlMMi  oM-hAlf  th«  rcaponit  It  lott  wUh  a  OM 
perccar  dcvltcion  In  tht  cUctrottatlc  focutiog 
voltage  or  with  «  onc*half  p«rcent  ▼•rtatio*  i« 
Magnetic  field. 

theee  oeeiureocnte  present  a  Major  probla* 
1*  the  development  of  e  high  retolutiem  tal* 
evlsioQ  caaera  tube  with  a  large  foroat:  tha 
provlalon  of  an  electron  beaa  with  high  aperture 
reaponae  on  focua  and  laega  depth  of  feewe. 
wiLm  effort  In  clactroo  optica  for  thie  project 
la  directed  thia  way. 

Thia  work  la  being  supported  by  The  Vrlgbt 
Air  Development  DlvlaluOp  aranltored  by  IW 
El^tronlc  Technology  Laboratoryp  ae  pert  of  a 
program  being  executed  In  collaboratloa  with  tha 
■CA  Electron  Tube  Dlvlalon  for  tha  AevelopoeaC 
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KXTr..wiii6  m  vmam  tANct  or  cameia  mti  wuiran  ttmm  um  namAticm 

Bj:  |toftara«  A.  D«n(orcfei  Cof  4  Wat%m 

tCA  L«bor«tori««»  J» 


MTAOPOCnOII 

Tcl«vl«t<Nk  cmmrm  to4««  of  waryla^  cosploalty 
K«v«  b««tt  AoTolop#^  to  coQvart  tho  count  of  liH 
cldant  phoiooa  to  »o  •••oclatod  count  of  oloctri* 
cal  chartaa  accmuLatad  at  a  atora^o  targat.  TM 
varlatloQ  in  tba  charge  flui  of  each  capacltiua 
target  alottaot  la  aenaad  aa  potential  uarlatloa 
vhao  aeaoned  by  a  fined  eaplltuda  electroo  ba«n« 

Aa  oirery  atorage  alOMot  la  aenpled,  the  chargo 
exchanged  batuean  baas  and  target  not  only  wipaa 
out  the  atored  Inforaatiooi  but  geoaratee  tba 
eidao  algnal.  In  Icoooacope,  orthlcooj  or  vldlcoa 
tuba*  the  photoaenaltlve  elenant  ie  alao  tba 
atorage  alevant.  Vhaa  a^llftcetloe  of  the  photon 
floK  ia  deatrebl^,  elngle  atege  laage  aectlooa  or 
Btultl*acege  Inteaiiflera  have  beco  ooployad  bo* 
tvaao  photo-aaltter  and  target. 

tfith  a  particular  Incident  photon  flun,  tfaa 
•lgnal*to*noiae  ratio  achievable  by  an  ideal 
(noleeleaa)  device  ta  depandent  only  on  cha 
^uantua  efficiency  of  the  pbotoeleoeot .  All 
practical  devlcea  fell  abort  of  the  ideal  becauaa 
they  introduce  noiee  In  atorlng  an  aopUfled 
signal  at  the  target,  end  ia  convertinf  chle 
stored  Inforvutlon  to  s  video  eignsl.  Thie  paper 
vili  exaalne  the  operetlcn  of  the  lasge  orthicoa 
to  determine  the  Uaitetlons  sttr Ibutcsble  Co 
each  r.olse  eouree*  The  extent  of  loftroveaanc 
afforded  by  an  alternative  acennir^  ASthod  ear- 
ployed  In  the  iMge  teocon  vlU  also  be  exaalnad 
end  expei  l*<encal  ccuparlaona  reported. 

DiACg  ORnUCOW  AHP  3tACE  ISOCOW  CAK7IIA  TVBCT 

Afsong  ccmaercUl  ly  ev^lleble  caoere  tubes,  tba 
inage  orthieoo  (Fig.  1)  ia  operable  at  the  loocet 
scene  lllualnaclona.  In  this  device  the  elecCrona 
ealcted  by  i  e  phoiocathode  art  Multiplied  by  tba 
•eeondary  eolation  of  the  boobarded  face  of  tha 
target.  For  low  levels  of  lllumlnatton  the  racla 
of  target  chargea  to  Incldant  photons,  which 
olght  semeday  be  aa  large  aa  S,  la  typically  0.4 
or  0,7.  A  factor  of  1.2  baa  been  achieved  la 
recent  laproved  tubes. 


fiCt  msec  OOTmcOM 


The  orthicoa  scanning  bean  la  colllaated  Co 
conCaio  4  nlntMun  of  radial  velocity  cooponenta 
and  la  directed  along  an  axial  Mgnetic  flald  of 
the  order  of  73  gauss.  Tha  axial  velocity  ia 


riAacad  tm  aaaMglally  aero  aa  tha  elaetcoaa 
approach  tha  capgot  ao  that  aufflciaat  otgatloo 
charga  ia  Aapeolted  at  ^^h  targat  alaaaat  to 
oeutrallaa  tha  paaftiva  charga  which  haa  acciaa* 
lated  aiaca  cha  laat  scaa.  The  raflectad  baaa 
ewrraat,  aoa  aadalated  accordlag  ta  tha  awabar  af 
chargea  aabcaactag  at  the  targat,  la  dlractad  lata 
a  aalci-ataga  eiacttaa  awltlpllar  which  provlAaa 
aufftcieat  aapllficatloc*  for  Iha  oolaa  ia  tba 
output  algaal  ta  ancead  tha  aolaa  of  tha  rldaa 
aopltflor.  Tha  apraad  la  axial  alactroa  voloci* 
ciaa  wlthla  cha  haaa  llalta  tha  aaxlaua  algaal 
aodulatlea  ta  laaa  chaa  301  la  aoat  tubaa. 

glgaal  gear  rat  loc  by  acattarad  alectroa  beaa 
aoAalatioa  which  la  ualgua  to  laocoa  aeaa  la 
guttn  dtffereat«^  Hot  all  tba  alactrooa  atrlhiag 
tba  targat  with  aalal  valocltlea  of  ooly  a  faa 
valta  «rtll  acich.  Seaa  ara  acattarad  aoa-apecu* 
larty  aad  ala  arltb  tbe  specularly  rallacted 
electroaa.  Theaa  acatterad  alcetrona  have  a 
broad  apectn*  al  trcnaveiaa  valoclty  coapooanca 
wfaareaa  tbe  rallacted  alectrona  have  a  reatrlctad 
apcctrua.  Ia  the  axial  aagneClc  field  aacb 
electtow  wltl^  at  Che  cyclotron  frequency,  tra¬ 
verse  c  helical  path  wboae  radius  la  proportional 
to  tba  aovara  root  of  the  radial  velocity.  Ba* 
cause  el  this,  tbe  two  claaaea  of  electrooa  wltb 
a  coaaoa  pelat  ef  origin  are  separable.  At  tha 
pleae  where  tha  Mxlwwa  spatial  separation  occora 
aa  apercured  electrode  ta  placed  so  as  to  Inter¬ 
cept  the  reflected  electrona  while  allowlog  the 
msjnrtty  of  the  scattered  alectrona  to  enter  the 
Multiplier.  9itb  proper  aleccroda  adjuataant, 
the  output  ewrveat  In  cha  dark  will  be  only  a 
enali  fcactleM  ef  tha  highlight  output  currant. 


#<«-7  ausi  scMSPUt  MOOC  CAMCna 

fvec  -  i^occn  va* 


Ihial  opevatfee  tubea.  Fig.  2,  haw#  hcaa  used 
fee  cowpsrteg  ertbUoa  and  laocoe  scan  of  Idaotl- 
cal  target  charge  patteros.  The  vail  electrode 
haa  bees  dlwidsd  Into  four  quadranta  to  which 
dependent  petewtiala  cm  be  applied.  The  •ash 
OM  tbe  scaMed  aide  of  tlie  target  provides  tlM 

ethls  work  v*n  owpported  by  tha  ITnlted  States  Air 
Force  Mdcr  contract  Boa.  Af 23(616)-S72B  and 
AF33{AI6)>6ATF,  ■ooUored  by  tha  Blectroelc 
Technology  Lohevotory,  Vrlght  Air  Developeant  Olv. 

*The  laoge  goorne,  p.g.  Vainer,  ICA  Review,  V0I.I4 
ho.  3,  pp.  3d4'lgd,  (Sept.  mS). 
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co€ic«ntm#4,  uollor*  4cc«laTatli«  fUU  at  tha 
tarmat  whuh  la  ra^alra^  ta  flva  a  ratuxa  baaa 
vtth  alalBaa  acaa*  Whaa  aparata^  vlck  aa  aalally 
alls«a4  Uaa  aa<)  tha  aaaa  potantial  aa  all  wall 
auadranit,  tha  aeaa  la  ataaattallp  that  ef  tha 
aarwal  la«(a  arthlcaa. 

laocoa  tcaa  la  achlara^  by  aattlag  ay  a  craaa- 
Mraa  altctrU  tiaH  la  tha  lasloa  of  tha  wall 
^uadtanta,  Tha  raeultaot  radial  aalatlty  at  tha 
baa*  la  auch  that  tba  raflactad  alactroaa  ara 
Intarcaptad  by  tha  aapacatloa  aUctrada.  Tba 
ataarlnt  of  tba  baa*  caa  ba  aaalatad  by  tba  traaa 
varaa  ■Mool^c  yraducad  by  tha  allgiiaaai 

coll.  »7  cartful  BdjvitaMnt  a  ualfarw  at«*al 
fro*  tha  antlra  circac  araa  *ay  ba  obtalaad  Ira* 
tha  acattarad  tlecttaaa  which,  at  tha  plaaa  at 
tha  arpatatlo*  adga,  lla  cloaar  to  tha  taba  a»la 
than  iha  raflactad  alactrooa_  With  tbla  tuba 
datl«n  algnal  ■odularloa  In  aacaai  of  90t  haa 
baao  obtalaad. 
tir.HAL-TO-WOlSg  Awmtt 


Tha  tanga  of  light  laaala  l«  a  acaoa  that  la 
uaafully  ttanadocad  by  a  talavlaloa  caMra  tuba 
tg  Italtad  bacauaa  of  tba  nolaa  la  tha  low-llght 
laglona.  Tha  follo-iog  ila>pllfltd  aoalyala 
ylalda  tha  algnal-to-oolaa  ratio  aa  a  functlo* 
of  light  laval  lot  tha  Imaga  orlhlcoab  a*d  tba 
laocoa.  In  addition,  tuba  dcalga  data 
pertaining  to  algnal-ca-oolaa  ratio  el  thaaa 
tubaa  It  dcrlvad. 


[^u  ■^*1 

1  P5?7r-l  /  ' 

—  '/•  f —  nz 

♦  y  m  >ift  vn 


!,<.»•<  l^toccgtapa^  I 


I  *H*—  ■*»»■**■ 

r*«T0C4lH0Q(  Wl«n^ 

ric  %  *M4&{  c^*ttrT  rLO« 

Th«  1««S«  orlhlcoo  th«  Uu«  l«oco«  hm 
■  lallir  •tccicwi*  atmI  will,  llMr*(or€p  lof 

th«  incident  illwalnetioQ  h«v«  etQrcd  cm 

the  ter|et  ».h«  eeae  eljnele  erctwipinlcd  ky  ih« 
■aae  noUe.  However,  the  noiee  contrlbated  hf 
the  icennlnf  procee*  vlli  differ  lf»  ih* 
tuhee.  figure  3  shove  the  signal  currents  •M 
noise  currents  in  the  Ifnege  orthlcon.  IC  is 
lestioed  that  the  current  ger>srsted  st  the 

complete  slgA«l»to<noirs  soelysls  of  the 
urihlcon  has  been  made  by  C.C.  lemberg, 

•>  Theoretical  Analyals  of  the  Operation  of 
flying  Spot  &  Camera  Tube  Microscopes  la  tba 
Ultraviolet,'*  IRE  Tranaactlons  on  Medical  elect¬ 
ronics,  Vol.  PCME-12,  Dee.  X9M. 


pKotoc«tho4«  Is  rapwientag  by  1,  thm  target 
mesh  trsnsmUslon  by  T,  and  tba  aacoodery  ealsstA 
ratio  for  photoalactroos  et  tbs  tseget  by 
This  aacondary  amiaatoa  procaaa  prodocst  s  storad 
Signal  on  tha  targnt  of  T/ff-l)!  ^d  yi  tMg  «o1m 
acorad  on  tha  targat  of  fiaTtF^^-i+l),  wbam 
a  la  tha  alactrooic  ebarga  in  cowlomba,  nod  I  is 
the  baAdwidtb  Is  cyclas  par  ■stood* 

If  It  is  asstMsd  that  tba  baam  currant  Uadlag 
on  tha  targat  is  corralatad  ta  tbs  stored  charge, 
tba  aesnning  procaaa  will  not  degrade  tba  signal- 
to-nolsa  ratio,  but  tba  total  shot  nolaa  eootalnad 
in  tha  incident  baao  wlM  appear  along  with  tbs 
output  signal.  Tbn  baao  oodulatloo,  o,  la  do* 
fined  aa  tha  ratio  of  the  current  wtalcb  landa  oo 
tha  target  to  tha  locldanC  beam  current.  Thera* 
fora.  In  those  terms  ths  KM  shot  noise 
eootalnad  in  the  Incident  beam  will  be^^f^ir^Tl. 
Tha  slgnal-to-noiaa  ratio  at  tba  entrance  to  tbs 
electron  multiplier  la  e^ual  to  tha  signal  a»- 
traded  from  the  target  divided  by  the  MS  nolaa 
cwrient  which  ia  coasted  of  tba  noise  stored  oo 
the  target  end  tha  ahot  nolaa  In  thn  baao* 

Thcrafora,  _ 

1 .  fUT  .  T  oyt  cT.s.»i. 

Mote  that  r\  is  cha  slgnal*to*oolsa  ratio  of 
the  photoelectrone  and  chat  f2  contains  only 
psras«*ters  which  pertain  to  storing  the  lofor- 
maclon  and  deriving  the  video  signal.  In  othar 
words,  Fi  gives  the  corlouo  possible  aUnal*t(^ 
noUa  ratio  available  for  a  particular  value  of 
photocurrantp  while  ft  dstervlnaa  tba  irsetieo 
of  fi  that  la  rcallisbla  at  tba  oulttpliar  input* 
It  ia  easily  shown  that  degradation  within  tba 
electron  mulllplior  Is  ciogllglbla,  generally  leas 
chan  tOl* 


I  1  •  •  I  •  1  1  T 

r<o4  I 


'wafSl 


ef  AS  SOCMASTIQO 


-II  {I  I  J  i.  J_-l_ 

lAscet  urososKT  [omam  rsevosto 


rice  iWACf  OSrMCOO  SiCMSt'tO'SCsU  WOOWTIMC 
fA(io«  (r,» 


ihe  lakSge  orthlcon  slgnsl^to-no  .ae  modifying 
lector,  F2t  is  plotted  in  fig.  4  es  a  functioo 
of  the  target  secondary  cmltkloo  factor  and  beso 
moduletion.  Standard  image  oithicons  withS*  4 
and  P  •  0.2S  produce  s  maxlnun  about  0.44* 

Incresslr^  beam  moduleclon  to  unity  or  ^  to  7.5 


BHWttagtgTJiiHHf; ,  VgWJij.'M 


n 

f  ■  • 


I 


* 

f 

[ 


«ml4  ^■^T^»^  tk*  atBMt-lo-aalM  ratla  akoat 

23t. 

71(«ra  >  akoaa  tka  >arrta  rtoHlat  vttkla  as 
iB^a  laocaa.  Vktka  tka  al^l  cb4  aaiaa  atarad 
an  tka  tatfat  ta  tka  aaaa  aa  la  tka  laa«a  arthlca^ 
tka  laacaa  gtaaratly  raaltaaa  aa  addltiOBal  algaal 
gain  ataca  tka  aiakar  af  acactaTa4  alactraaa 
aacaada  tka  ouktr  aktck  naala  aa  tka  targat  ta 
aautrallaa  tka  atatad  ckaxga.  Vallka  aaat  laaga 
atthlcaaa,  tka  laocaa  ragalraa  a  dacalara  Ct«t 
oa  cW  Wm  •i4«  of  tbo  tortota  TK«  icattor  fola 
lo  roproooatotf  a  •md  tko  sook  troovatootoa  hj 
T^a  Tho  oi^Ml  €oll«cto4  hf  tko  oloetroa  •olti* 
plior  !•  tlaoi  tte  otcaat  otorod  oo  tlM  corsot. 
CoUulotioas  •boo  tbot  tbe  •Ifaol-co'noloo  4o- 
gro<iotioo  4oo  to  tba  Aocoiorotoc  Mib  lo  <mly  o 
fov  porcoot  oiMi  !•  tbonforo  oogloct^a 


UOCfV  ftCCOOMO*  CMiliOi 
OfCO  MUC  *^0»  S>4>tot  *  ^0“  N0»&c  WOCMf  via«c 

rociOAir;) 


«CAV*C«0B 

ILCC^^ 


Aloog  oltb  tbc  collocCoi  olsool  A  conotoot 
froctloe  cC  tbo  tea  cvrroat  ropvooeatod  bp 
io  protooc.  Tbo  obot  mIoo  vC  tblo  curront  t»* 
gotbor  vitb  tbo  dqIoo  cootrlbotioo  froa  tbo  tor^ 
got  oro  t»oo4  to  4ot«r«lao  cbo  oignol^to^ooloo 
ratio  ot  tbo  ■ultlpllor  oatrooce,  pUldlc^: 

»  -/  T /'  Ttf-ll  -  F.lO'FiOawAV. 

» „  ^ut  ^ 

vboro  ug  tbo  oLfool  •adototloo.  lo  tbo  roito  of 
pook  olgcvol  cvrront  to  tbo  totol  coUcctod  curront. 
Ao  with  tbo  iMgo  OftblcGMg  P|  to  tbo  olgnol^to* 
•otoo  of  tbo  fbetoolocCrcMo.  7*  .  Uopondonco  of 
tbo  loocoo  olgool'to-ooloo  Hofifpini  factor  oo  a« 

It,  and  8g  for  otool  toIooo  of  T  osd  Tj  lo  platt«4 

u  rig.  b. 

DTHAMIC  KAMCr 

Tbo  iMogo  OTthUe*  mad  iMigo  Xaocoo  olgnal-t^ 
ooloo  OKprooolooo  booo  boos  «o*4  for  cooparlooo  of 
dynoBlc  rongo  pcrfoTMOco.  Figoro  7  obmrog  oo  o 
lunctlo3  of  llgbt  looolg  tbo  rolotlvo  oignol-t^ 
rvolto  porforBOaco  of  typlcol  tuboo  and  idool 
tub««  oitb  porfoct  bigbllght  eofuloCloQ.  Tbo 
graph*  apply  to  opororloo  boleB  tho  knok«  of  tbo 
llght-tianofcr  cboroctorlotlOa  It  boo  booa 
Oit'acf  tbot  tbo  cnworo  tab*  ofjootikoato  oro 


optlswloof  lor  tbo  plotoro  btghllthto  and  no 
fortbor  adl^tooot*  Bodo .  lb>to  that  tbo  dynoBlc 
roago  OKportod  froo  a  toolltoblo  loag*  loocoo  lo 
ooporioc  to  tbot  of  tbo  tdool  iBogo  orthlcoo  and 
lo  about  1  tlBOO  bottor  tbon  aal»tlng  tuboo. 


fbooo  io  Fig.  %  Ipt  tbo  BootoTod  •Ignol-to'ooloo 
porfnTwoBCO  of  on  ovporUiontal  duol'Bodo  tub# 
bovlBg  p.  3.5  b11  opoctag  b*tvo«a  colloctor  ooob 
mmd  torgota  Tbo  uooaurcd  ■lgDol''to*'noloo  ratio 
voo  taboo  Of  pook-co-kvob  olgnol  dlvldod  by  ooo- 
olmib  of  tbo  pBak>to>poob  ooloo.  Tba  torgot 
oocoodory  obUoIob  boo  Bpproxlootoly  5,  tho 
blgbltgbt  ofcbtcoo  boo*  Bodtflottoo  Dig  tbo  blgW 
Itgbg  XoocoB  flgnol  oodoLotloo  voi  901,  ood  tbo 
loocoB  ocotitr  gala  oboot  3.5.  Too  ioto  of  doto 
oro  oboow  for  both  orkbicoo  ood  loocoo  ocoaolag 
of  tbo  ooao  torgot  loforBotloo,  lo  tocb  oodo  tlm 
l<o*r  cvrBO  Indlratoi  tbo  0yna*le  rongOj  oloco  • 
flxod  booB  cvrroBt  odoguoto  to  dtochorgo 

blgbllgbt  «M  BOlOtOlBOda 

Tbo  uppor  coroof  tbcptf  doto  tokoo  with  tbo  boo* 
cvrroBt  odjoatod  at  tocb  point  for  blgboot 
Bodvtotloo  eonolotaal  wltb  odoguoto  dlocborgo  of 
tbo  otvrod  torgot  chargo.  Thlo  orporloootol  doto 
obcnro  o  foctor  of  10  grootor  dyuoolc  roi^o  for 
loocoB  oroBg  LJtd  o  3  t*  5  tl*oo  loprovOBO^t  lo 
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fiG  a  CXPfRlMCNTAL  SiCHAL'TO  *  NOiSC 
PePFORMAHCe 


slf rAtl«  vltb  optl»«j«i  beaa 
•cttlnt.  TIm  •xfM-7i«itfnC4l  4«Ca  vcU  wltb 

th«  wh«o  MAturtd  foraaeccr^  ftr«  utcd  !• 

(h*  for«ul««. 

AmvM 

Uvttlof  rctoluCiofi  of  M  dcvUt  twcb 

•■  •  €«r«ro  tub«  tcrvct  only  to  io4ic«t«  tbt 
upp<r  frtqocncy  of  Itn*  pottoro  wblch  c««  b«  do* 
tcctcd.  Cxporltoco  H««  ohoMO  thot  cho  Wtc«t  ol 
tvo  kr«rttdu£«rt  wltb  cKt  9mm  lUittlni  reiponoo  is 
clue  oo«  wbich  thovt  th«  lc90  ropld  drop-off  Ui 
slfiul  reapciuo  with  tncr«o«*4  potter*  fre^\»e«cy. 


nas  $iN£'WAve  APcnrrgAe  response 


fipor*  9  plwoe  the  sioe^wov*  wpoo—  tm  M 
od  Inrimootsl  riaolutloo  for  ortlilcoA 
0*4  laof  ocM  to  •  dual  aede  tuba  abidi  U 
illaaiaataa  ta  fait  cKarga  atoraga,  Tha  acaa 
tMs  rastarSatad  ta  tha  caatar  of  the  targat  ta 
•Ulaiaa  aaaaateg  •edulatlea.  Wham  baaai  da- 
flactlaa  affacta  at  tba  target  art  paralttad 
ta  ftaa  a  dtffaraatlatad  aigaal  aleag  a  gtaaa 
‘dlracClaa  fla  thla  cat#  aloog  a  borlaoatal  liaa)^ 
the  raapaMa  eaa  b*  aahaocad.  Iba  raapcaaa» 
far  artlfcaaa  acaa  la  brach'^tad  by  tba  raapoaaa 
lac  aa^aaft  aad  for  dlf farentiatad  laocoa  rea* 
peaaa.  M  law  light  lavela^  laocoo  eparatiaa 
yialda  baiia  *  reaolutloa  becauaa  of  tba  aupac" 
iar  algaat-ta»o^lt.a  ratio* 

qujtfiimin  tvxmaTiw  or  pngrrioa 

A  ^oaatftatloa  «aarura  of  tKa  ability  of  aay 
aptieal  tcaaadMccr  to  «Ktract  Informatloa  froa  a 
aceaa  baa  bare  eatabllahad  hj  A.  toaa.^  A  flgura 
of  aerlt  dap rairnt  oa  tba  trl|htn*aa,  eoatraat 
aod  alaa  ad  teat  ob>cta  baa  been  caployed  la 
fig*  to  ta  relate  tube  petforaaace  to  tbe  111«m1-> 
aacloa  aa  tbe  tobe  face.  Vith  a  given  tuba,  a  oaa 
digit  ciange  la  the  figure  of  aerlt  raaulta  wbea 
tbe  pbatea  fin  le  changed  by  a  factor  of  four* 
Uitb  large*  aigaala  the  rate  of  chaise  of  tbe 
figure  ad  aerlt  for  either  aode  of  oper^tloa  ie 
tkai  retabllabcd  by  thr}#>oCoo  Hue.  At  tbe  leu 
light  laael  where  t)a  figure  of  earlt  dropa 
rapidly  tba  perforaance  lialtatlooe  wltbio  tba 
Cobe  are  dialaant  and  the  device  ia  epproacbli^  i» 
delactUa  ttait.  Tha  high  beaa  eoduUtloa  per* 
feraaace  al  laoeon  oparatioa  aecouata  tor  lla 
ewperlac  eaealta. 


Oeae,  Iblavialon  Flckup  Tubev  and  tbe  Problea 
of  Tlataa,  Advaacee  In  Blactronlca,  Vol.  1,  ISAA. 
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cotctmiow 

Significant  n4v«nt«g*>  §»•«»•>>»  ofctiln«4 
fto«  the  IMCOB  (CM  ••  con|>nr«il  wltk  orchlcoa 
•c«n  am: 

1.  A  factor  of  l-J  l^tovcMot  In  olgnal- 
to-nols(  racloa  ov«r  a  brood  Congo  of 
light  levola  bclou  tho  knoo. 

2.  At  Icost  on  order  of  aagnlcaAo  rodMtioa 
In  tho  low  light  l»»«l  thrcohold. 

3.  An  ardor  of  oognitudo  greoter  dynoolc 
rongo . 

4.  Coopsrablo  high  light  roaolutlon  ond 
■upcrior  low  light  roaolutlon. 

for  low  light  l*»«l  oporatlon  with  a  wldo 
range  of  brlghtneat  In  the  acene  the  Increaood 
operating  conplextty  o!  aeattered  electron  bean 
nodulatlon  la  note  than  olfael  hg  the  luperloc 


suoe  osTnoQM  nsa  ts  tiuoi  nmxfmna 

IQn  Hr.  Ill*  SiMnMO  ifid  Hr.  Jaws  Hartwi,  Vtrtarm  Tldcn  Brsacli.  19CT>ti  ft.  f*. 


I.  latratwtlsa 

Curlnc  Uw  past  jraar  ths  Varfars  Tlalca 
Brsneh  of  OSAZRDL  has  bsan  craluatlng  varloos 
t^pci  of  iJUfS  ortMcon  tubas  as  lju(s  iotsssl- 
flcra  lA  IQH  llfht  IsTsl  talcrlatan  systaaa.TU.s 
Is  part  of  a  rssearch  and  davalopaefit  profraa  t« 
prorlda  a  nlttit  tlas  rsMts  rlrwlne  eipablUt^ 
for  tha  O.S.  krmr- 

Tha  standard  broadesot  studio  Inics  erthlccn 
(tha  ^70)  haa  food  parfomanca  at  high  light 
larala  aseoclatad  trlth  nomal  broadaastlnf  tocH- 
nlouas,  bvt  dropa  off  badljr  at  light  larala  oo- 
aurrlnf  In  nlghttina  aearas.  Accordlnglg,  tha 
prasant  araluatlon  has  concamrd  Itealf  prliLih> 
lly  vlth  two  othar  Inaga  o.-thlcon  typa  tubas 
ahcwlnr  graatar  potantlal  for  nlrhttLna  viawing. 
Ona  of  thara  is  an  isaga  orthlcon  uslrg  standard 
tnaga  orlMcor.  gaanatry  but  incorporating  a  tr.ln 
fila  lufnatluu  oxlda  targat  In  placa  of  U>a  coo* 
vantlonal  glaaa  target  (sac  fir.  l}.Thlii  apcciaX 


tarfet  provides  Increaead  sensltlrltT  at  low 
light  levels  dus  Is  a  ccnblnati  on  of  Inera.ieod 
aecendary  nrsisJlon  ratio  and  high  lateral  raslr- 
llTlty  (but  ;i(Jf*qxjate  t^J•ough-ccn<^^JC*.lr'. ty  aIotw; 

bcundar'v^a).  The  ottVfr  Iriofe  orthtegr.  1»< 

«  Uib«  u'lnx  on  •cMltional  lair#  f«ctlon  ih€ 
front  «rn1  actSjif  m  a  preanplirirr  for  th«  con- 
vrntlcnvd  liugt  •action  («cc  fir;*  tddlV* 


fcf  J  a  f-  ....  f 


looal  Isigo  ssctlsB  In  swsaHSnUp  m  nlsnte^ 
statically  teenkud  lawga  MDsnrtsr  tab*  i  (mi1s< 
t«  tha  conwaaitleod  lasfs  avthAnsn  thrsogk  ■  thla 
glass  aanbraais  vl  tfc  n  pkaafbsr  a  aos  slds  snd  n 
photoesthodo  on  tha  sHhar,  Ihn  sns  ssadirwi  Is 
flat  and  la  altsatsg  salth  ragert  tn  Uw  glMa  tai^ 
gat  axactly  idMn  tha  frssH  fsifilnts  Is  la  a  oon. 
vantloswl  laags  orthleoB.  Urn  arms  balng  rlawod 
la  Inagsd  on  Uis  first  phsiacsOMds  by  a  Ians, 
daetrona  ara  wtlttad  fria  tha  phst snath odt  la  ■ 
sunacr  slnll  ir  to  Ihs  laags  aa-tMaM,  but  thsaa 
ar«  alactrostaUeally  focasag  aa  ths  thlii  glass 
n«abraoa.  Tbs  slactronn  aa  aatalaratsd  tlm^h 
1^70  KV  bsfora  striking  Uip  phsaghor,  ahlek  la 
tom  enlla  light  cauaiag  ptmtaaBtsslaa  frum  ths 
seecnd  photacathods.  Tbls  a.sas  seta  as  an  Intan. 
alflar  alnca  s<s-o  slaetrena  as«  salttsd  frea  ths 
photoeathode  thaa  aririully  atnek  Um  plmuhtr . 

Eeit!i  tTpao  of  tobsa  oas  a  slda  spacing  af 
target  to  iwnh  to  rcdtsca  target  nash  capacltaaies 
aesd  provide  a  grsatar  slytal  sollags  for  a  glvan 
aanint  of  chargs  >a  tha  ta-gst.  at  lea  light  lavals 


orlnantal  Am 


Scene  lil-asliMtlcaa  la  typical  BlgbttljM  eea* 
dltlcna  vary  frea  lO*^  fnifl  naiHn  for  fall 
soonllght  tc  10-S  foot^ewflss  far  overcast  aklas 
•d  no  noun  (tea  fig.  )).  g  tcstlaa  davlco  was 


built  idilch  cn0.d  provlds  emir  oiled  and  earafnl. 
If  aaasurad  hlgtaight  brlghtasas  tlaough  this 
range.  (Scaa  brlgbtoecs  cepsOs  acasM  lllaatsa- 
tlcn  tlass  ths  scans  rsflsrtaaoa).  Ila  tobsa 
wars  evaloaled  wsing  hlghlt^  pbstasalhods  111%- 
nlnatlon  as  ths  Indapandant  etrlahls,  ralhsr  thai 
Highlight  scene  brlgMaapSp  ta  avoid  Incorporat¬ 
ing  ths  Ians  ossd  lots  ths  pnrfsaasnea  charaotarr- 
lattes  of  Uw  thbos.  !y  gnawtrlchl  optics  on* 
can  ahoa  that  Ww  photacathoda  lUwfSjiatloa  X  In 
foot-csndlss  is  rslatsd  is  ths  scans  brlthtitsss 
B  ta  foot  ladiwtas 
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Cfar  nU  aielM  at  vl«v} 


_  • 

* 

t  “  f/iiwtur  of  \mm 
a  •  aapa/lesUoi  at  iaaga 
•  trai«dMl«a  at  Ima 

iy  •  trauaiaalcB  at  aMtrAl  tea}^  ftlU** 
«M<  to  atUouta  tlM  llgM. 

Ih*  tolarisloB  CMMTa  !■  ■  ataxlB^ 

Kt  n-)lA  n«14  caMra  ayaUm  aediflad  b)r  aalac 
a  lat  ROlM  Tldao  prcaipllflv.  This  praiaplUtar 
kaa  a  eaacada  Inpat  elrealt  with  a  Waatarn  Ooo' 
tale  klTt  trloda  la  the  firat  atac*.  Tha  praaa- 
fAtflar  aoiaa  la  aqnlTalant  to  )xl0*9  a^iim 
r^t.  oolaa  carrast  thrm«h  tha  lA  Koha  load  r»> 
alator  of  tha  laa(a  orthlcao  whan  tha  praaapltfl- 
or  U  eparatlnf  In  tha  eaaara  but  with  na  baaa 
oarmt  flowing  froa  tha  laaga  orthicea. 

k  rafrlgaratlng  anit  with  a  blowar  li  uaad 
ta  regalato  tha  targat  taaparatara  at  tha  laaga 
aatUcoB  taibaa.  &  tharalater  In  contact  with  tha 
targat  pin  aockat  at  tha  laaga  erthleoa  OMam 
acta  la  tha  taaparatara  aanalng  eleatant.  Tha  tar> 
gat  toperatara  la  aarlad  In  order  to  ehtnga  tha 
target  raalatlTlljr  to  dataralna  tha  affaeta  on 
glchira  raaolutlon,  tlaa  lag.  ate.,  at  low  light 
lartla.  Tha  haat  condoctlaa  path  to  tho  tairei 
ttroagh  tha  targat  pin  la  poor,  and  alnca  tha  taaw 
gat  la  haatad  tap  radiation  froa  tha  tab#  flla- 
■aaia  tha  axaet  targat  teagiaratora  la  ankrowri.floo. 
arar  a  raaatuhla  ealoa  at  target  pin  tai^ratura 
ca  be  aalntalnad  tar  purpoaaa  of  eagiarlaou 

Tha  Ijwga  orthlecD  oalng  the  aagn^alan  oclda 
tar^  ranalrta  no  othar  aacllUrp  aqulpaicnt  far 
aparatloai.  Slnea  tha  Inaga  orUileon  with  tha  ls> 
taaalflar  asetloo  la  longar  than  tha  conTmtienal 
tthe,  a  naohanleal  hodtrieatloh  of  tha  coatra  aa 
wall  aa  a  high  eoltaga  aigipl/  for  tha  Intcnalflar 
aaeiloa  la  raqulrad. 

m  gaanlU 

Slnea  tha  low  light  laval  parforaunea  of 
thoM  tubaa  1(  of  primary  Interrat,  ■aaaureoan^ 
aaia  earrlad  oat  in  tha  ranga  frow  10~w  to  UT* 
faoi-eaeMaaa  photocathoda  blghllght  lllwilnatltA, 
Ouatitlaa  Btarured  wart  ilmltlnc  rcaolutlon,  ai^ 

to  noiaa  ratio,  and  algnad  currant  output  ttr 
®*e  ared  3S^  talb  taopereturat.  Apertura  ra- 
apoeaa  eurata  vara  taken  at  arriral  light  larala 
at  tha  two  tenporaturae,  ill  thaaa  naaaurownta 
•rea  aado  oilng  light  of  color  tenperabara. 

A  coevroUonal  llna  pietara,  30  franaa  and  60 
flaUa  5iar  aecond,  waa  oaod  in  taking  tha  data. 

Iba  bwidpaaa  of  tha  rldea  aagrliflar  la  10  no. 

Tba  iMga  intcnalflar  orthleocia  ara  dlrldad 
tou  thraa  elaaaaa.  Tha  flrat  of  thaaa  la  tha 
dial  of  tubaa  with  both  photocathodvi  anilllal- 
kaXl  (&-?0),  requiring  tha  uaa  at  a  apodal  tar- 
gat  gtena  ocnpatlbla  with  tha  alkali  cleiwnta  la 
tha  photocathoda.  Them  ara  apadfied  aa  "Typo 
A*  ti^a.  Tha  eocond  elaia,  tha  *T7pa  O'  tubaa, 
ooataln  a  ■ultlslkall  flrat  photocathoda,  an  S-U 
eacond  photocathoda,  a  atandard  target  glaaa,  Md 


•  law  paav  haaAar  far  tha  thandeBli  cathode  to 
duraaaa  tbaniil  radlatlen  ta  tha  targat.  The 
third  alaao,  "Tipa  C*  ti^a,  ara  tha  lataat  Uboo 
ad  hoaa  a  glaaa  target  with  hlpbar  raaiatloltr 
bat  aaa  adbamlaa  Identical  with  tha  *1Tpa  Id 
tabes.  AU  tobaa  aa  a  T-U  pheapher  a  tha  la. 
tanslfta  oaaraa.  At  loat  three  tdbaa  of  aoeb 
Vpa  aara  aaaUagat. 

Calf  aa  at  tha  aagMala  eolda  targat  laaga 
arthScaa  wa  eaalaatad,  to  coaipara  the  porforo- 
aa  eeith  tha  laaga  Iniaalflcr  orthlca.  Bew- 
oaer,  the  teat  raanlta  Indicated  thla  tuba  wa  a 
*oafT  gild*  taba  whm  aoaparad  with  tha  aaafae- 
taror'a  caraaa.  fhla  tuba  aaa  a  S-10  photjar 
faea,  with  a  tpplcal  raapaaa  of  iio  ta  TO  ftam- 
pares  par  iaataa.  Tbs  taportant  dlffaraeaa  ta 
thaaa  tahea  aaa  tabulatad  brla. 


Ti*a 

Pint 

rhota- 

aathada 

Soctnd 

rfaoto- 

eathoda 

Targat 

Olaaa 

Urn 

Poaar 

Bautar 

Type  i 
1.1.0. 

S-70 

S-10 

TEisn 

alkali 

caapatlbla 

Ba 

typa  I 
1.1.0. 

S-11 

atandard 

Taa 

TTpa  C 
1,1-0. 

S-10 

S-U 

blghar 

raatatlrlty 

Taa 

"gO 

1.0.  h-bO 

««« 

la 

Iba  frat  photocathoda  saaltleltp  of  tho 
laaga  lataoalftar  orthlrai  ragod  batwoa  110 
and  ISO  ^aeparaa  par  loan  (eatng  ?A70*I  ll«ht), 
Tba  gala  at  the  Intanilflar  aadla  aa  a  factla 
of  acoaVeratlag  voltage  la  aheta  In  figure  b. 
Uactaao  gala  la  defined  aa  the  currant  aadttod 
fron  tha  M  photocathoda  divided  bp  tha  eurvaat 
atrlklag  the  phoaphor.  It  la  hlglieat  for  tha 
tubaa  with  tees  aol  till  kail  photocathodaa  by  a 
ccnaldarabla  aargla.  Tba  aaklmai  poaalblo  gala 
«t  16  IT  far  tha  ^tpa  A  tutaaa  la  ^wat  90.  Abeait 
So  has  been  schlsvad  to  data.  For  tha  type  I 
6  C  tdbia  (aslag  a  T-11  phosphor  end  an  S-U  2ttd 
photocathoda)  the  aakiaiae  gain  would  be  about  TO. 
Bare  the  typical  value  shoMi  (for  ^pa  C)  la  lO, 
altbaogO  aaa  taba  wee  aa  high  as  73. 

Tbs  Uadtlng  rssolatleo  aaaunraaanta  rasolw 
od  la  the  curves  abewn  In  flgnra  $,  Tba  raaola- 
tlon  was  aaaaared  in  tha  ocntral  area  of  tlaa 
tubaa.  Tbo  alactroatutlo  laaga  aactlon  of  tha 
I.I.O.  has  a  characturlitle  drop  off  In  raiola- 
tloi  t award  tha  edge  ae  that  tha  200  line  verti¬ 
cal  bars  at  the  adgaa  of  tha  lataa  raaoluttca 
patten  ecald  not  be  resolved  oven  at  tha  hlgtaeat 
tight  lavala  uaad  In  tha  testa. 

tba  aagarsiaa  odds  tergal  tube  and  tha 
types  All  laaga  Intanalflsr  orthleone,  for  ras- 
olatUas  at  ?S0  lines  or  leas,  produce  tha  aeaa 


J9I 


rcaolntlvo  picture  *t  V/20  -  1/30  tl>*  l«e«l 

r*<)olred  by  a  (ood  c<mantlanal  iMf*  «-tkMaa. 

Th*  tjFjia  C  taba  r«<pilT**  abont  ’  ^CO  of  the  UdW 
Deceaaary  for  tbe  ecBcantional  iMfo  orUdcM  1* 
tM*  rafla.  Tbia  la  cloaa  to  «*iat  cm  cmM  e»- 
pcct  frcK  a  coablAation  of  ■oltlalkall  phnUarith 
ode  mA  iatenairter  aeetion.  k  tlnree  ttaen  eala 
in  photocaUwda  aensltlritr  «*er  tha  nMaaetlcBMl 
I.O.  and  a  Baaiiran  calrt  of  70  fa  the  iataaolfier 
aeabrana  woald  prorlda  a  total  pain  of  abeal  200 
crrar  tha  conTantl anal  laaga  crthicoa.  Fartfcar  1»- 
promaant  coald  coaa  la  now  iaryat  doaal«*o«ta  tr 
fay  iacraaalnc  tha  acaini/vt  boaaa  nodalaifa*. 


■Tha  laoallrw;  off  of  ratolatlon  at  tbo  kdebar 
llfbt  laaela  la  doa  to  tha  conatraetlen  ad’  the  li*- 
tcnalflar  acetlon.  The  Intotiajflar  aaotoT**  io 
elaaa  .001<  or  laaa  thick  with  tha  phoapfaw  ceav> 
ln(  on  CM  tlda  aad  thr  phoVoeathoda  «o  the  oUbv. 
Tha  light  froB  a  point  Inaga  cn  tha  phoophor  a»- 
dorgoaa  acata  apraadlng  In  paaalng  thieoyii  tlaa 
floaa  and  la  aoeo  aa  a  dlao  on  tha  pbotiKsttrade. 
Seattarlng  of  light  la  tha  phoaphor,  and  rafl«e> 
ilaa  of  light  froB  tha  photoaurfaea  back  te  th? 
pboaphor  and  Ita  raacattor  to  tha  photocathtada 
limit  tha  maslaMt  rraolotlen.  Tha  catqilli^  ad 
tha  magnatie  flald  of  tha  canaeiitlcnal  latage  aa^ 
tlon  Into  tha  alactroavatlcally  focoead  pertlaa 
of  tha  taba,  oa  well  aa  poaalfale  dlatct^«  ad 
thia  focoalag  field  by  Uie  large  plecat  of  twrar 
la  tha  taba  au^  hara  a  dafocoalan  affad. 

Miouniaa  m  re  aiaw^rea 
•w  c  nm,  m*%  mmm 


TtMee  raaaloiloa  naonriMnla  doan  are  typ¬ 
ical  waleae.  Tarlatlcas  olat  tiwt  Wbe  to  tebOf 
and  In  aana  eaaae  fren  pleM  te  plaan  la  the  can- 
tral  aree  of  tho  eana  tdbe.  laiwiea,  oU  tho 
aagaanimante  of  a  gl'rat  tahe  type  CaU  le  e  band 
earrtaeidlng  tha  Una  ohoM  ee  ^rplcal.  Tha  ener 
la  photoeathoda  lllaalnatliB  la  aaetaatod  at 


Uwa  thaaa  waarar  amenta  aota  lopaetad  at  a 
faalfa  tanperatare  of  3$^  .  d)  gfam  raoolaUane 

af  all  tha  taba  iroaa  daeroaaad  ta  aana  dagraa. 


Ona  notoa  that  tha  naolotlou  af  lypa  k  k  i 
tubas  are  the  tjow  at  20%,  bat  thot  tha  typa  k 
tabaa  aaf  fared  a  graatar  derraaaa  ad  y9*t ,  aapac- 
ially  at  tha  lower  light  laeela.  nria  wni  tha 
reacen  for  ebaaginp,  to  tha  S^ll  lad  photceatheda 
aawl  tha  conaeoumt  hlrbrr  rcalaitel^  rlata  terfst, 
Tha  low  power  heater  for  tha  alectaea  fon  cathode 
Introdoeed  at  tha  acma  lima  alsa  played  a  rula.ta 
Icng  aa  tha  type  k  tabaa  wars  faepl  caiM,  thalr 
parfermance  wu  fairly  rood,  bot  datarleratad  ap- 
«n  mratag  up.  T^aa  tubaa  lost  ahead  iO  TT  llaaa 
raaoUtlun  at  lO-o  ^is  the  type  B  tabaa 

loat  aboot  30  llnaa  ratolatlca,  Tha  aapiaaloa  m- 
Ida  taryat  tuba  lost  about  $0  TV  Unas  raaolotloi 
wear  Its  vbola  range  at  3$%  aa  lanirit  to  70%. 
Tha  lataat,  or  typa  C,  tubes  laet  dkast  7$  TT 
Itaea.  The  high  light  laral  ri  inhrttaa  waa  aot  os 
aaeeraly  affteted  by  chwginr  tha  halh  tanparatars| 
for  aost  I.T.O.  tabaa  it  dida't  aaan  to  aaka  any 
dlffereeiee,  Kara  It  mat  haes  baca  ths  Intanslfi- 
or  aactlon  of  tha  tuba  rather  thaa  tha  tergal  ra- 
slatlrlty  which  mas  llmltlag  ths  rasolatlaa. 


It  shoold  also  ba  noted  that  tfeasa  ara 
■static*  aaasurancntii  they  da  nod  lasalTs  aoTlag 
objacte.  Hence  affects  ssch  aa  tlaa  leg  aad 
stickiness  do  not  appear.  It  mtf  be  said,  speak¬ 
ing  onslltatlTaly,  Ui«t  tha  aj^Modja  aodds  target 
tabs  Is  coneidarably  aers  *\»kry‘  at  lea  light 
laeals  than  the  Imags  Intenslflar  erthlsen.  Bead 
tha  type  C  lobes,  with  tha  highest  raststlrlty 
glass  targets  ara  not  nearly  as  had  la  this  re- 
apeet.  This  was  boms  oot  la  a  recant  field  dan- 
analrstlon  when  a  scene  lllmlnated  enly  by  star- 
light  (lO**  ft.-«.  aenaured  teana  illmlnstlcsi) 
waa  newad  throoeh  an  f/l.ftS  1*0*  aaise  both  tha 
aagneal'iB  oxlda  target  tube  and  a  type  C  l.I.O. 
Hawing  objccta  la  tha  field  of  Tlaa  «ra  reprodac- 
ad  rciy  well  by  tha  T.1.0. ,  while  the  aignarlisi 
esida  target  lobe  abowad  a  trail  hihlsd  tha  cbjaot, 


kfsM  -  «» 


llki  •  Uw.  m*  ■  r«^  aavU  fnA 

•tttar  «  lufi  ar  mi  Imc*  at  all. 


•«a 


riaitui  af  tta  kiaaaeapa  pm—UtlaB  af 
tw  af  tia  taiwa  at  Im  41jrrar«t  lavala 
Kara  tafcaa  ta  iXlaatrata  Uia  fdatara  qadltj.Flf- 
art  7  aheaa  tba  platara  praJaraa  tp  tfea  aaaneaiaa 
adda  tMtiti  laata  artklcaB  at  1.6  a  lO^  ft.-a. 
rheteoathtila  hAgMlgM  UlnlMtleB.  Flnra  S 
««a  aa4a  vltk  tlia  aaM  Mha  at  3.$  a  lir^  ft.-a. 
phatoeafhada  hlgklicM  lllaa\»atlea.  Flfara  9 
■ho—  tCi  ptatora  pradacad  tp  a  tppa  C  laata  In* 
tmaiflar  ortMc—  at  1.6  a  UT*  ft.-c.  photaeath- 
ado  lU— laattaa.  Tha  oniraU  ailtaral^  — d 
alarltar  af  tba  MtO  Uatat  tato  pictara  at  thla 
Uflit  la—1  la  Btrlklflclj  appar— t  <daa  eat>arad 
ta  Ham  tjpa  C  I.I.O.  flea—  10  aha—  ^  ple- 
tora  pratu. id  bp  tfaa  I.I.O.  at  3.9  a  lOT^  ft.-a. 
photaratboda  111— Inatl— .  lera  aaty  llttla  da- 
(ralaitlai  of  U«a  pletwa  hat  tab—  placa  daeplta 
tha  larga  daeraaaa  ta  11(61  1—al.  Tboae  phato- 
(rapba  — n  tak—  at  lA  aecaed  aapij— a  ta  alaia* 
lata  tha  Intatratloa  tl—  gf  the  <7*.  Tba  bulb 
ttuHifatara  for  both  tabaa  au  Xl^.  Tbe  vartlcal 
Uaea  la  tacb  photofrapb  and  —leb  ara  aaat  ap- 
paiont  la  tlgarm  8  ara  &i»  ta  plclup  la  tha  eon- 
ara.  and  ha—  njthlaf  ta  da  vlth  tha  tab—. 


A  Taktranla  ^ppa  $]$  niirtTI— a^a  aa— aatad 
••  b  U—  aalaeUr  eaaillaaeapa  —•  taad  ta  naaa- 
ora  tha  altahl  tc  nol—  t«tla»  at^aft  atrt— t  aat* 
pat  — i  d>TtBra  raapenaa.  pbr  Oha  -*(--*  — t 
aal—  aii—r— lata,  tha  llaa  aalaat— •  la  aaad  ta 
(1—  a  tra—  aera—  a  lar—  a— a  bl— h  ta  ohlta 
tr— altl—  in  tha  pletmw.  lha  pai*  aignal  la 
tha  black  ta  ahlta  alenal  nviUtnda  nlth  tiM 
Balsa  aa>irag,ad  cnt.  Tba  paab  ta  pa*  nalM  la 
— a—rad  In  tha  black  raglan.  9h—  adipial  ta 
nalM  ratla  la  daflnad  aa  padk  ad^nA  ta  r.n.a. 
Bolaa  tdtara  r.n.a.  boIm  la  ufe—  an  l/S  pank-to* 
peak  aalea  (fit.  U).  Tha  ba—  i— t  —a  ad- 
Joctad  at  aaoh  llRht  laval  tn  >a6  Antharia  tha 
tarfat,  —  that  —  — nacaaaadT  ka—  nat—  —a 
Introdaaad.  Itaa  at  tha  any  laoaat  Upht  lanla 
(!•*.  ft.-«.),  tha  nstaa  fat  tha  ba— 

ewrant  reqalr—  ta  Jaat  dlaeharpa  tha  tarfst  —a 
2  to  k  tinea  tha  nol—  d—  ta  tha  load  ratlator 
and  video  praarvllflar.  Tfaa  total  nai— ,  1^,  la 
dua  to  t—  eantrlbotiaiB,  tha  ha—  —6— .1^,  — d 
tha  n^iflar  boIm,  1,.  Sin—  baHk  ara  rand— 
aaw!  not  latardapaadaatt,  thar  add  mm 


Tha  total  ml—  la  naia— jad  —  daaarlhad  aboog 
and  tha  aa^llftar  nolaa  alona  la  aana— ad  i.'Vni 
the  laac*  arthlean  ac— ali^  ba—  In  ant  aff. 


I 


To  Oetentine  th«  <l^4l  currtnt  output,  tho 
▼oltago  read  on  th«  oscllloBcopc  wia  dlrldod  bjr 
Xht  foLn  of  the  preai^lifler  4nd  tay  the  Ine^e  or* 
thlccn  tobe  load  resiator.  In  this  ease  KohM. 
Thm  gain  of  the  preanpliflor  waa  aiaaurcd  at  ?Okc 

(fl«.  12). 

TtMre  was  no  erldence  of  te«^erature  depcn* 
dcAce  of  the  signal  current  output  or  al^al  to 
ndoe  ratio  for  any  of  the  tubes  tested  ithat  lo 
bcU*eeD  20®C  and  35®C  operation). 

iperture  reeporee  curves  veri  aeavured  using 
s  aet  of  vertical  bar  pattemi  of  various  line 
aanbera.  tbe»«  eere  square  eave  bar  patterns,  !• 
«•  the  brightrvess  varied  in  a  step  function  md> 
ntr  at  one  scanned  across  the  chart,  froei  black 
bar  to  v*iite  bar.  The  results  are  sisviarited  In 
the  tafelt  below.  At  the  highest  light  level  at 
■dilcb  teats  were  nade,  1,7*10“^  ft.-e.,  a  higher 
eqoirtlent  line  nwber,  K«,  (calculated  by  into* 
grating  the  eooare  of  the  relative  response)  was 
Atilned  for  the  tubes  at  )5®C,  even  though  the 

ji&ea^  To  eoiSC  eatio  ••  ec  titueiMaiioti 

(r««%  V  0  •t^t) 


llultliif  mol.tloa  «mt  M  food  or  b.^tn-  o%  20^, 
riM  txv  *  tab*.  mr«  n«t  a.w.r«]  .t  'tby»  ilciiit 
1ml  for  rev  at  burning  lA  tiM  l«ca  oi  U» 
got.  At  J.otior®  th.  typ.  C  t»b.« 

hud  •  hli!h  cMDch  t.  BodM  nil.  t«  Mia 

poailbl.  m  aportaro  mpaw.  mrimurtmm*. 
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Rqu'ealant  Una  BibAmt  R,,  IT 
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100 

60 

6S 

— 

Typa  C 

?o^c 
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100 

55 

l.I.O. 

35“C 

150 

96 

50 

HgO 
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92 

90 
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17  !dt.l  PfrfcTMne. 

Id.al  prrforMDC.  for  m<T  *7P*  ot  plctar. 
pickup  dCTle.  la  p«rfonunc.  llaltad  mly  ty  tli. 
Unit,  mmtier  cf  .T.llabl.  llRht  oumta.  riutea* 
tlona  In  tba  natbrr  of  phoUnt  rMaived  trtm  Um 
seen*  belne  tIcvM  cwalitut.  a  fVcdaaMnt.1  nola* 
Halt  to  th.  Infonittlcn  aa.llabl.  fro.  th.  a£aM<. 

Ro«»^  hM  d«rl»ed  a  relationship  for  th. 
Idetl  perfomaiwe  of  wy  picture  pickup  derle. 
using  as  a  test  object  a  dark  aquar.  on  a  light* 
ar  bsckgroand.  A  threshold  signal  to  nolat  ratio 
of  S  la  eauoldered  oecessary  for  an  ebaerrtr  to 
lust  detect  the  presence  of  the  aqaare  against 
the  background,  1 .e.  to  resolrr  tha  square.  Then 
Rose  relates  the  background  brlrbtness  B,  tha 
square  to  background  contrast  C  (C  *A3/B),  th. 
dlsaeter  lena  used  by  th.  pickup  deelce  ,  th. 
angl*  subtwied  by  th.  snuar.  at  the  lena,  the 
•tposur.  tlae,  t,  and  th.  quantu.  efficiency  of 
th.  prlaary  phot^roc.as. 

Tlda  r«latlonehlp  ViC  converted  at  this  Lab¬ 
oratory  to  a  fora  nor.  aultabla  for  ns.  vlth  Ija- 
ags  orthlcoa  tubes,  using  (scBetrlcal  optics  and 
aaavaalng  a  li>}  picture  aspect  ratloi 


B  > 


liV%R* 

K^SU 


Where  t  •  phptocetbode  illvinstlon  One  to  bsfik* 
ground,  ft.xc. 

k  «  threshold  signal  to  notes  ratio  •  S 
o  •  electron  charge,  coulcsibo 

^vlrvielon  Wckup  Tubea  and  the  Frobleia  of  Tls- 
ion>A.  Rooe-Acivances  In  Electrenica  Vol.  I  (Aca- 
dmic  Preaa,  lev  York,  ITtjS). 


m 


0C  IkililMMAf lO«  *  **■$ 


M  Q  r«aolmtl<«>  nwbw  «C 

•<|MrM  Mhleta  tm  >ut  b*  *»UtUA 
^•Inat  th«  bMkfroand  iMeh  vlll  fit  la 
tlw  plctBT#  lialftit* 

C  •  e«olr»»t,  0<C4i 
S  •  prlauT  photeeatlMd*  Maaltlvll^,  w 
pcrWhaMi  (Mbit*  11{^) 
t  •  uonvin  or  InUfratlca  tlaa,  ooeon^ 

A  •  prlnuy  photoeothedo  pletar*  >r*a,  ft.' 


On*  point  «Meh  etn  bo  laforrod'froa  ttm 
evirrto  la  that  Um  proionUjr  oxlatlnf  taboo  oro 
eloao  to  bolnc  photon  noiao  Ualtod  (or  aoro  ao> 
eurololp  piietaolaatrtn  flaetnatlcn  noloc  llaltodi 
alneo  monUai  offlelonoloa  oro  eonoldorahljr  loaa 
than  ono).  Ona  n‘itht  guoaa  that  thep  art  ulthla 
a  factor  of  ton  of  tho  altlaato  In  tabo  porfono* 
aneo  poaalblo  uainx  oxlatlng  photoaurfaeca  of  10< 
aaanitga  cfflrlrnep. 


Haro  Iona  charactoriatlco  do  not  appoar •  aad 
oo  ha»o  thr  foaolaUoa  of  tho  toko  rolatad  dlroet- 
ly  to  tho  laago  eentraat  and  photoeathoda  lUual- 
aatton.  Thla  aquation  la  plettad  for  dlffapaot 
oontraaU  la  flguro  13,  for  100/>aa|)aroa/lv»^  PC 
aanolUTltir  and  1/S  aacond  latofralloo  tlaa  (tha 
Taloo  for  tha  «3ra). _  ___ 


Wa  BOta  fi™  tho  equation'' «>d  tha  ourreo  that 
for  a  glran  reaeluUon,  the  photoeathoda  lllunlna- 
tlon  goe*  Inaeraeljr  aa  tha  aquara  of  tha  contrast. 
Typical  night  acenea  aaf  produca  h^hllght  photo¬ 
eathoda  llltaUBstlons  aa  low  aa  ICT"  ft.-e.  aeea 
vlth  a  faat  lana.  aich  acenoa  wlU  here  eontraaU 
of  zS-SOt.  Looking  forthar  at  tha  corraa  ua  n»> 
tlca  an  apparent  paradox,  fha  tjpa  C  Uaga  Inteo- 
alfiar  orVileo  resolution  at  20^  la  plotted  to 
tha  aaie  scale,  and  exceeds  the  calculated  theo¬ 
retical  resolution  of  aa  Ideal  tuba  In  tha  regloB 
balou  about  IC-^  ft.-c.  PC  lUoalnaticn.  Higher 
PC  aensltlTlty,  aijr  ISO ^nqiereiAiaaen  cmld  ac¬ 
count  for  only  a  anall  part  of  tha  dlfforenca. 
Probably  tha  naln  reaaon  fer  tha  disorepancy  la 
tha  different  of  neasorlnc  tha  tube  resolution 
In  o  TV  Retma  chart  a  pattern  of  eonrerglng  alter¬ 
nate  blaele  «yl  uhlto  llnea  ia  followed  by  the  eye 
tntU  tho  llnea  can  no  longer  be  resolred.  Thla 
la  called  llialtlng  reiolutlcn,  and  tha  eye  no 
doubt  galna  soM  adaantaga  In  flrot,  aealng  aar- 
aral  black  s>d  white  llnea  adjacent  to  ona  another 
«vl  second.  In  being  able  to  follow  tha  pattern 
froxi  whore  It  la  clearly  Tiaibla.  To  gat  a  raal 
corparloon  trta  should  actually  try  to  dlstlnnlab 
a  aonisre  Malnat  a  unlfarply  Illuminated  back¬ 
ground  ualngiha  I.I.O.  lue  theoretical  calcula¬ 
tion  asruaea  that  tho  aye  la  trying  to  detect  tha 
txia  infonaatlon  bit  out  of  tha  background,  and  la 
not  relying  on  adjacent  gaoaetrlcal  shapea  for 
cloea. 


V  Conelualoo 


Thla  paper  Ivaa  sunwMrlaed  tha  resulta  of  a 
aarlea  of  oaaaurawenta  on  axlatlag  talavlalan 
eanera  tubaa  daalgned  for  low  light  Ireal  opera¬ 
tion.  PUrthor  advancta  In  thla  field  depend  on 
tha  auccaea  of  current  rcaaareh  nd  derail, niiiit 
work  now  being  pursued  Ly  various  organlxatlont. 
Anong  itens  under  derelopnent  la  an  Inaga  Intcnrl- 
flcr  orthlcon  with  a  Bagnctlcally  focused  Intenal- 
flar  section.  Concurrently  with  this  a  study  of 
new  type  targets  and  Inprorenenta  In  the  Intanal- 
fler  oembrana  are  being  carried  on.  Ihli  should 
provlda  a  shorter  tube  than  the  present  electro¬ 
statically  focused  version,  with  unlforo  loago 
ouality  over  tha  entire  picture  area,  end  lapreao 
the  resolution  at  both  hlrh  and  low  light  levels. 
The  first  tubes  are  expected  early  next  year.  At- 
tenpta  art  betnr  made  to  mount  a  fiber  optic  face¬ 
plate  having  1  mil  or  smaller  diameter  f  bora  la 
an  image  orthlccn.  Thla  aen  allow  nechaalcal 
coupling  of  an  Inage  converter  tube  with  a  fiber 
optic  output  phosphor  screen  directly  to  tha  Imago 
orthlcon,  and  should  y  eld  a  large  Increasa  la 
aenattlvity  without  in  appreciable  deerrasa  la 
resolution,  fh'a  replaces  the  IntenalfJer  maa- 
brane  with  two  fiber  optle  coupling  elements.  R«- 
search  In  netheds  for  reducing  acannln'  beat  nolaa, 
and  a  ninlaturlxatlcn  progran  to  provide  amallar 
Image  Intenalftar  orthicona  are  also  In  progress. 
Th*  next  twelve  montha  should  aea  considerable  la- 
proveseent  In  the  state  of  tho  art  of  low  light  lev¬ 
el  talevialan. 

Tlie  authors  would  like  to  thmnk  Hjrron  V.nato, 
John  Johnson,  and  John  Hcody  of  tha  Warfare  Tlaioa 
Branch  at  UfAERDt  for  their  centinued  Interest  and 
for  many  helpful  auggeatlona  a>d  dlacuatlona. 
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LfCHTWClGHl'  INCRTlAt.  SYSTEMS 

Mr.  Sahrrt  E.  Marcllla.  Clactrobtc  C^ptlpmanta  Dhrialoav,  Uttoo  IrSiiitrix 


Accur«t«  I— itliil  •y>1«ma  which 

arc  applicable  to  mtaaUao  aa4  inaaao4  or  ua- 
mannod  alrerafi  aro  !■  ^laatlty  prodactioa  at  the 
Electronic  Equlpnnaa  IHetatpe  of  Ultoo  Indua- 
trict.  The  CEP  of  €iaa  nfle  per  hoar  that  la 
attained  la  several  vereiBW  of  thaaa  ayatama  la 
comparable  to  the  CEP  aiMapail  by  ayatema  that 
rcfjuire  much  bcavlar  eqalpeaant.  Lfltoo's  light¬ 
weight  ayateme  oow  aatawJ  the  uae  of  laartial 
techniqua  to  appHcatloea  whara  fonnarly  tha 
weight  of  ioartlal  ayatama  pravantad  or  detarrad 
their  uaa.  LJttoa  light iinj^  iaertlal  ayatenia  ara 
currently  being  employed  la  Iba  following  U.  S. 
Navy  aircraft: 

WF-Z  —  Carrier-Baaed  Airborne -Early- 

Waraiag  AircraCk 

PJV  —  Antiaabnaarhac-Warfare  Patrol 

Aircraft 

WZF  —  Carrier -Baaed  AIrbornc-Carly- 

Warolag-aad  Control  Aircraft 

A2F  —  Cirrier-Baa4Fd  Attach  Aircraft 

Foreign  applications  af  these  lightweight 
inertial  ayateme  (for  NATO  commitment  a)  in¬ 
clude  their  uae  in  the  F-lMCand  CF-lOt  Strlka 
Fighters  for  the  Wcat  Ccrwaia  Ministry  of  Da- 
fenac.  and  the  Rt^al  C sendl-ia  Air  Force, 
reapectivcly. 

Litton's  inertial  guidaere  systems  are  also 
included  in  the  coafiguratiee  of  missiles  and 
drooes  designed  by  several  weapon  system  con¬ 
tractors  and  under  cooaidemtioa  by  Dcpartmeid 
of  Defense  agencies. 

Several  hundred  Uttow  sjslema  are-currentiy 
on  order.  Although  these  syetems  are  built  for 
different  applicaDona  and  therefore  require 
different  coniiguratione,  ceosputcra,  displays 
and  input-output  mechaniritians,  all  these  sys¬ 
tem*  are  built  arcnind  the  peeduclion  P-ZOO  in¬ 
ertial  platform.  This  lO-paend  platform,  shown 
in  Figore  1,  la  14-1/Z  larhes  long  and  has  a 
maximum  diameter  of  9-l/Z  inches. 


vartlcnl  Z  axla  mt  tha  atnblo  sleaM^  reapat 
tlvoly. 

Tha  stabto  olamaift  arecta  ftaoU  to  the  local 
vertical  by  miUiag  tho  oaatputa  of  Iho  X  sad  T 
accalarometars.  and  aligM  Usalf  la  trws  north 
by  automatic  gyrocempasslag.  Tho  oyotoanoara 
itorm-tlly  machaniaad  on  that  Iho  atahlo  slomaM 
to  always  malatainad  at  local  level  aad  la  tha  aa> 
lectcd  allgrunant,  regardlase  af  aircraft  aaa- 
SMuvara. 

The  order  of  the  gimbals  from  the  Innsi  lannt 
out  is  aximuth,  inner- roll,  pitch  and  outer- roU. 
Each  glmbal  has  two  synchro  trsMoniltors  that 
measure  tha  attiluda  of  tha  stabla  alcmant  arilh 
respect  to  the  glmbal  axle.  Two  servo  drlvO 
motors,  connected  in  parallel,  prodaca  tha 
torque  required  to  position  tbs  gimbal  through  a 
gear  train  and  to  nullify  any  small  amoanl  of 
backlash  which  may  exdat  in  tha  precialoa 
gearing.  The  astmuth,  pHch.  and  oatar  roll 
gimbals  utllixe  aliprings  and  bmsbaa  for  ulec- 
trlcal  connections;  tha  inner  roU  gimbal.  which 
is  limited  to  an  angular  rotation  of  fZO*.  uooo 
Ocatbla  leada. 

The  case  of  tha  incrtialplatfona  is  antirely  sur¬ 
rounded  by  a  shroud  which  permits  cooling  air  to 
past  around  tha  cast.  Film-atrip  haators. 
mounted  inside  tha  cai  .ara  aaed  to  bring  tha 
platform  quickly  up  to  its  eperatinj;  tomparaturu. 
and  to  help  malntaia  that  taaiporataso. 

The  small  aiacandlow  weight  of  tha  losrUal 
platform  raiuit  primarUy  frosa  tha  uoa  of  Lil- 
ton'a  new  miniaturisad.  hlgh-pcrlorosaacs  la- 
crtlal  components,  the  gyros  aad  accalaraanotars. 
Another  contri^tlng  sisa- radnetioa  factor  iatha  ' 
removal  of  all  electronics,  with  the  eaceptioa  of 
the  gyro  preampUflera.  from  the  platiorra.  Tho 
two  two-degree-of-frecdora  gyro  coatflga ratiea 
has  permitted  an  extremely  cfnclcM  packaging 
of  the  stable  clement;  tha  sisc  of  Iho  gimbalaanf 
of  the  platform  Sousing,  have  therefore,  also 
been  appreciably  reduced. 


The  platform  baa  a  fuur-gimbal,  three-axis 
configuratiOD  that  proveias  gimbal  lock,  thereby 
permitting  full  m sneuverahUity  of  the  carrier 
vehicle.  The  stable  clemesa  ef  the  platform  in¬ 
cludes  two  two-cicgrec-of-frredom,  floated 
gyros,  and  three  penduloua-typc.  torque-balanca 
accel  -roineters.  Tbs  twu  gyros  are  mounted  on 
the  at-  *  'emeitf  with  their  spin  axes  horlsontal 
and  at  90  .o  each  other;  the  three  accelarome- 
tera  are  mounted  with  tbelr  aenaitiva  axel  ori¬ 
ented  to  the  borizootal  X  aad  T  axea  and  to  tha 


G-ZOO  Gyro 

The  Utton  C-ZDO  gyro  ahoww  la  Flgnro  Z  in 
three  inches  in  diameter,  four  Inches  long,  aad 
weighs  two  pounds.  Its  Z4. 00«  rpra  rotor  has  aa 
angular  momentxun  greater  thaol.5  X  Iomega 
units  (gm-em'/aec).  Witli  tha  gyro  spla  axle 
borltonlal.  the  rnndoin  drift  rate  abouf  botbaxaa 
of  rotatlou  can  bo  held  to  lest  o.  01  dagroaa 
per  hour  without  bias  raadjustmout. 
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In  th*  rimw  of  Flfiiir*  m&i^r 

•l«m«Pta  ot  tbm  ffro  can  b«  ■«•&.  Th«  aph^rtcU 
flo4t,  wUcli  coat»la«  thm  gyro  in^oi-*a»l-whai«l 
asvcfnbly.  i*  ino«at*4  in  n  floAtnd  glmhal  ring  bf 
n  pair  oi  ymwmX  nnd  pivot  boartaga.  Tba  ring  in 
tnrn.  la  po«itlooo4  rolaUvo  to  thm  oxltranl  cnao 
bf  anoibar  pair  oi  }awol  and  pivot  btaringa.  This 
connguradon  achiavoa  tbn  two-dogroa-of-fr««<lom 
o£  tho  gyro.  Tbo  float,  bowaver.  la  maintninad 
rolativaly  Uaa4  to  tba  caaa  by  a  Hgbt  aarvo  loop 
ao  that  1/4*  of  macbaolcal  fraadom  wltbio  aacb 
axla  of  rotmtlcra  la  raora  than  ade<|unta. 

Cacb  gyro  ojda  baa  plckeffa  to  aanaa  any 
ralativa  motion  botwaan  Ita  caaa.  which  ia  Anad 
to  the  platform,  and  Ita  float,  which  at  any  in« 
•tant  ia  fixed  la  inartUl  apaca.  The  plckoff  out* 
puta  are  amplified  axtcrnal  to  tha  platform  and 
serve  to  control  the  glmbal  servo  devices  to 
malatain  the  plckoffj  at  a  null  and  thereby  to  keep 
the  platform  laval. 

The  pickoffa  have  a  pancake  configu  ration 
arranged  in  **pusb-pull**  ao  that  tha  output  ia  an 
*ndica('on  of  only  rotation  of  tha  platform  with 
.  eiprct  t'-  the  float  and  not  tranalation.  The  gyro 
-•^eo  Kaa  torquera  on  each  axle  to  rotate  the  float 
and  thereby  the  platform  aa  a  function  of  aarth*a 
rotation  and  aircraft  velocity. 

Tha  caaa  aorrounda  the  float  with  a  email 
clearance  ao  that  a  relatively  email  volumn  of 
flotation  fluid  la  required.  TKia  reaulta  In  good 
heat  tranafer  cHaracterlatlce  and  low  convacUoo 
current  torquae.  Varlationa  In  tba  volume  of  tba 
fluid  aa  a  function  of  temperature  are  accommo* 
dated  by  means  of  a  thin  flexible  bellow#  which  is 
extremely  presaara  aanaitlva  and  baa  a  vary  low 
hyatereeie.  Tba  Ootatlon  fluid  baa  excellent  pro* 
pertiea  of  inertncaa  and  atabllity,  and  remalna 
liquid  to  ''7S*Fahranh«it;  eo  therefore  nc  apeclal 
storage  or  transportation  problemc  ars  involved 
to  maintain  tha  fluid  in  Ita  liquid  atat?. 

Tha  gyro  case  baa  steel  mounting  pads  that 
are  lapped  to  provide  a  precise  aurfaca  to  m<xird 
on  a  correspcndlngly  prsclsa  pad  on  tha  platform. 
The  gyros  are  therefore  interchangeable  without 
extensive  alignmcag  adjustments. 

A*2O0  Acceisromatsr 

Tba  Litton  A-200  nccalaromatar  shown  in 
Figure  4  measures  1. 00  inch  by  1. 13S  inches  bf 
1.80  inches,  occupies  about  2  cubic  IncHaa.  and 
weighs  seven  ounces.  Its  threshold  sensitivity  Is 
less  than  10**  g  and  Ha  electrical  analog  output 
hac  an  accuracy  of  better  tlun  one  part  in  50.  000. 
These  characterlstlca  have  been  acblevad  In  an 
Inetrument  of  extrema  almpllclty  *  It  has  only  orja 
moving  part,  tha  pendulous  float.  Cvan  in  tba 
moat  severe  operational  anvironmant.  tba 


pandulona  iiont  navar  daflacts  mora  than  n  imw 
seconds  of  arc  from  Ha  a«Il  pasttlo^ 

In  tho  axplodad  view  ot  Figure  5.  the  three 
aubaeaembliea  of  the  accelaromater  (the  caee^ 
the  fieated  elemesS  and  the  cover)  are  ebown 
from  top  to  bottom.  When  aaaambled.  the  Inetcm* 
meat  le  hermetically  eealed  with  colder.  The 
pendulum,  which  ia  floated  In  tha  same  type 
fluid  aa  that  employad  U  the  C-200  gyro,  ia  p»- 
altiooad  with  Jewal-and-plvot  baarlnga  so  that  Us 
center  of  buoyancy  lisa  on  tha  pivot  axla.  The 
canter  of  mass  however,  ie  dlaplaced  from  the 
center  of  buoyancy  ao  that  a  known  coupla  ia  pr^ 
dviced  whenever  the  lastrumsnt  Is  subjected  ie  an 
acceleratlcm.  Dlffarenlial  t ran# former* type 
pickoffs  sense  any  rotations  of  the  float.  Tha  an* 
taroal  restoring  amplifier  convarta  the  output  of 
tha  pickoffa  into  a  d<*c  current  which  la  appUed 
to  torquer  coils  connected  In  push*pull  and  ope* 
rating  In  the  fields  of  two  permanent  magaete 
located  In  the  cover  of  the  accelerometer.  The 
torquer  current  which  ia  required  to  maintain 
the  pickoffa  nulled  ia  thus  directly  proportiooel 
to  the  applied  accelcraliotk.  This  current  is  ap* 
plied  through  a  precision  resistor  and  tha  vcHagn 
developed  across  it  represents  tha  output  of  the 
Inatrumanl.  Tba  precision  raaistor  ia  matched 
to  the  individual  accelerometer  so  that  tha  unite 
arc  electrically  Intercbaageable. 

The  case  of  the  accelerometer  has  three 
mounting  pads  mhicK.  during  calibration,  am 
precisely  adjusted  to  be  perpendicular  to  the 
senaitivc  axJa.  The  units  are  tharefert  alee 
mechanically  Soterchangeahla  without  pracialon 
adjuatmam  requiramenta. 

dectronica 

The  electronics  associated  with  this  aqul^ 
meat  may  be  divided  Into  two  aepa.ata  groupingas 
(1)  thoae  platform  electronics  which  atablUse 
tha  platform  and  (2)  thoae  which  provide  thecona* 
putation  functions.  Flguro  4  shows  a  block  dla* 
gram  of  tha  electronics  required  for  a  foor*axla 
platform  atabilixatloo  ayatero  which  oHUsaa  two* 
d«gree*of*freedom  gyros.  The  x*axls  pickofl 
signal  from  one  gyro.  ampUllad  by  aa  aalmoth 
servo  amplifier,  achistea  tha  aalmuth  glmbal 
torquer.  The  s^axls  signal  from  the  other  gym 
la  used  to  produce  a  torqaa-correctlon  signal  at 
tha  output  of  an  asimoth  caging  ampliflar.  Gyro 
signals  from  the  x  and  y  axea  are  resolved 
through  the  vehicle  heading  angle  by  a  resolver 
oc  the  asimoth  gimbal.  and  the  appropriate  cons* 
pooenta  of  these  signals  are  ampllflad  to  drive 
the  pitch  and  lBi>ar*roU  gimbal  torquera.  The 
outer'*roU  glmbal  torquer  la  cootroUed  by  tlM 
tnoer'roU  synchro  ao  aa  to  matfdain  the  asinouCh 
axis  petpendlcular  to  the  pitch  axis:  the  asi* 
mutb.  Inoer^roU  and  pitch  axes  era  tharaby 
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orthogooftl  t»  ftnd  gtmb*l 

lo<k  fcit  occnr.  Tfc«  ratle  M  rotAtton  aboot  tiba 
oatar*!^  axis  to  tba  reaoltaot  rotation  abool  Cbo 
iaaor->rell  axis  la  aqaal  to  tbo  coaino  oi  tba  pitcb 
aagU;  tWraforo,  tka  gain  ot  tba  aonro  ampUfioo 
for  tba  oalar«roU  glmbal  la  aarlag  aa  a  fttnctloo 
of  tba  pltcb  aagla  so  aa  to  kaap  tha  <mtar*roll 
aarvo  loop  raapooaa  oallorm* 

Dapaading  oa  tba  apatam  application^  tba 
comnpntatlon  ra^ulramenta  of  tha  inartlal  apatama 
ara  aatUAad  by  tba  use  of  aitbar  analog  or  digital 
compotara.  or  bp  comblnatioika  tharaof.  la  tho 
digital  approach,  tba  compotar  parforma  a  num¬ 
ber  of  fanctioaa  In  addition  to  sstiafping  tba  ra- 
qulremasls  of  tba  loartial  aystem.  Tha  full  Hat 
of  compotar  fonctioos  Includaa  tba  doubla  Intagra* 
tion  of  accelerations,  tba  genaratloa  of  torquing 
curraata  to  maintain  tha  platform  properly  orl- 
cotad.  and  tha  calculatioaa  of  corrections  for 
allipticltp  of  tha  aarth,  coriolls  corrections  aad 
navigation  coordinate  apatems.  la  soma  systcma, 
tha  canputsr  iacludss  provisions  for  tha  sddlUoo 
of  radar  doppler- velocity  data  to  both  dampen  tba 
Schuler  oscillation  snd  to  five  an  accurst#,  ia> 
night  gyro-compass  alignment  capability.  Sys¬ 
tems  have  been  designed  which  have  prevision# 
for  both  nnsnuai  and  automitlc  Insertion  of 
positiou-flx  data  from  such  equipments  as  TACAN, 
map  mstebars,  and  sstrotracksra. 

FIgart  7  abowt  tba  aaaembllea  comprising  a 
current  production  system,  tbs  AN/ASN*2t 
Navigational  Computer  Set,  which  !•  operational 
from  aircraft  carriers  In  the  Wr-2  Airborne- 
Early-Warning  Aircraft.  This  system  is  a  highly 
accurate,  central  sttituda  reference  and  therefore 
does  not  provide  a  full  navigstlonal  capability. 

The  uaits  shown  arc  (left  to  right,  top  row)  tba 
Platform  Amplifier,  the  Platform  (Including  a 
xnouot)  aad  tha  Platform  Computer  and  (left  to 
right,  bottom  row)  the  Power  Supply,  tba  Erec¬ 
tion  CnatioUe r,  the  Keadixif  Controller  and  tha 
Platform  Adapter.  The  maia  function  of  tba  lat¬ 
ter  assembly  is  to  provide  a  number  of  repcatad 
outputs  of  platform  pitch,  roll,  and  heading  with¬ 
out  loading  the  platform  transducers  and  degrading 
their  accuracy.  The  Ercctloo  Controller  glvcf 
the  pilot  the  control  of  tba  preflight  sequence  of 
the  system  and  tha  provision  to  insert  necessary 
initial  coaditions  —  I^atltuds,  Ground  Track,  aad 
Ground  Spaed  of  the  aircraft  carrier.  This  ssma 
Ercctioa  Controller  will  also  permit  an  In-Gighg 
allgnroeat,  without  doppler  data,  but  with  re¬ 
duced  bcading-accurscy  for  emergency  require¬ 
ments.  Certain  newer  aystems  have  provislonfor 
the  automatic  insertion  of  external  velocity  data. 
Tba  /leading  Controller  provides  for  tha  control  of 
the  difleretg  heading  modes  of  oparatloa. 


Figure  S  sbaara  tba  assambXlaa  comprlatng 
tba  LN-S  bMiiial  System  which  la  being  produced 
for  tba  F-lWtG  aad  CF-lOf  Strike  Flghtara  aa 
tbalr  primary  navlgatioa  system  and  caatral 
attittide  refsranca.  Although  repackaged  te 
aatisif  tbr  apaciflc  InstaUatlon  raquiracaants  od 
tbasa  aircraft  aad  to  iacorporata  tba  latest  im- 
provamasaa,  this  system  U  still  a  marabar  of 
tba  family  of  aystoms  having  the  common  bonded 
tba  P-200  platform.  Tba  aasambllas  shown  la 
tha  ngure  are  (left  to  right)  tha  Adapter,  tha 
Computer,  siad  tha  Inertial  Platform.  Tba  Inarw 
tial-NavigatioD-Control  and  tha  Allgnmant- 
Contrtd  p*— *  are  shown  on  top  of  tha  computer* 
Tba  compatar  assembly  contains  tha  clrmiUry  to 
perform  all  tha  functions  of  ths  Platform  Amplh* 
ficr,  the  Platform  Computsr,  aad  tha  Power 
Supply  of^a  previously  described  system.  Tha 
SR^ajor  oatpnt  of  this  Inertial  navlgatioa  system 
ia  prasaat-posltlon  which  is  supplied  to  an  indo- 
pendaox  display  system. 

The  LK-3  is  an  example  of  the  prasaiSt 
state  of  ^e  art  of  production  lightweight  inertial 
systems,  be  weight  of  approximately  BO  pounds 
ia  offered  aa  evidence  to  support  tha  aiatemant 
made  In  tba  introduction  to  ibis  paper,  that  tha 
snttaller  weight  of  current  production  Inartlal 
syatams  sow  extends  ths  application  of  inartlal 
techniques  to  vehicles  and  applications  la  which 
the  wciglg  of  inertial  systems  was  formerly  a 
deter  reaC. 

Support  Equipment 

The  ayatems  bulU  around  the  P-200  platform 
all  have  self-test  features  which  provide  an  aut^ 
matic  go-ao-go  indication  of  system  readlnssa. 
Certain  critScal  signals,  such  as  (1)  sccelax- 
om^ter  aad  gyro-pickoff  aignals  and  (2)  refarsneo 
and  prlmsay  voltages,  ara  monitored.  Simple 
diode  detectors,  clamping  circuits,  and  **and/or*' 
gates  are  used  to  check  continually  these  signals 
and  to  trigger  no-go  indicators  If  any  signal  dis¬ 
appears  or  becomes  excasslvs.  This  approach 
<0  quite  seosStive  to  equipment  maUunctions, 
since  any  component  failure  within  the  varlooa 
closed  aervo  loops  will  cause  tha  monitored  slg- 
nala  to  deviate  markedly  from  tbalr  oominal 
▼a  lass. 

Several  levels  of  ground  support  aqaipment 
arc  available  for  use  with  tha  production  inartlal 
systems.  The  simplest  Is  tha  Lins  Test  Ana- 
Kyxer  shows  la  Flgnra  9.  This  unit  is  daaignad 
for  routlno  spkaep,  the  daily  preparation  of  air¬ 
craft  for  fVgid,  Including  prefllght  and  poatfllghg 
laspectlons,  and  trouble  shooting.  Tba  basic 
fwsetioft  M  tba  snalyxer  is  ths  isolation  of  any 
ssit  causing  a  gross  mslfunctlon  when  the  insrtial 
e^pmssg  Is  still  InsUlled  in  tba  aircraft. 


Tli«  Dnt  laval  of  gprasd  tiypoit  aqulpuM^ 
la  typlilad  by  tba  Ban^  Taat  Analjraar  ahawB  la 
Flgura  10.  Brlaily  tUa  aqalpniant  aaablaa  aa 
oparator  to  locata  a  maim  aabaaaamkly  •> 
cbaaaia-fnouBtad  crrapaaaa*  which  la  Oafartlra 
and  to  taat  aach  aanamhly. 

In  addlUoa  to  tha  apaclal  grtwaO  aopport 
a<r>ipraai>ta,  cartaia  LIttoa  apataiaa  haww  baaa 
datlgnad  with  tha  capability  at  balag  taatad  by 
atandard,  onlvaraal  mUttaxy  cback-oat  aquip- 
meBta. 

Tha  fact  that  tha  P-200  platform  baa  baaa 
producad  la  quantity  doca  arrt  ln>ply>  of  couraa. 
that  the  ultimata  daalga  baa  baaa  achieved.  At 
Litton,  ona  of  tha  major  eSarta  la  focoaad  on  a 
military  davalopmaot  oaatract  to  aehleva  a  atill 
amallar  Inartial  platfom^  tha  P-300.  Thla  plat¬ 


form.  whoao  mockop  la  abown  la  ITgwra  11,  aalll 
maaaura  0-1  /Z  Inchaa  by  0-1/Z  Incbaa  by  10 
Inchaa  and  arlll  walgb  oaUy  1 3  pounda.  Tba  plat¬ 
form  haa  tha  aama  baale  cooDgoratlew  aa  tha 
larger.  30-poond,  P-ZOO  platform  aad  win  aqwal 
or  bettar  tha  parformaoca  of  tha  P-200. 

Until  racantly  tba  uaa  of  Inertial  ayatama  far 
airborne  application  waa  limited  bacanaa  of  tha 
weight  Involved.  Howavar.  current  availability 
of  production  lightweight  inertial  ayatama,  anek 
aa  thoaa  built  around  tha  P-200  platfom^  baa 
greatly  Incraaaad  tba  applicability  of  Inertial 
aqulpmanta.  Their  amallar  alaa  aad  lighter  walgld 
permit  a  wider  choice  of  vehicle  typea  o:.d  coa- 
figuratlona.  Tha  full  potential  of  Ughtwelglit  la- 
artlal  ayatama  will  be  even  further  locreaaed. 
however,  by  tha  availaHllity  of  atill  lighter  plat- 
forme  euch  ae  tha  Litton  P-300. 
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Figure  No*  6  Fout'-Axie 
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Vrcqucntlr  th*  «n«ln««r  !•  to 

•ynth««lm«  Alonf  tH*  Ilma  •€ 

optlalsatlen.  Howtvar,  tha  opClalMi 
•ubayataa  or  coaponant  naad  not  ba  tha 
boat  oya'...>*  dtalgn. 

Tha  an*lnaar*a  raaoorcoa  ara  practlMllr 
unllaltod  whan  It  coaaa  to  utlllainc  tha 
analytical  tool a  at  hla  eoaaand.  ha 
uaually  rallaa  upon  tha  aura  ooaaua  toalc 
ouch  aa  tha  root  locoa,  Boda.  Hjmalat 
and  Hlchola  ploto  and  dlasrama  aa  aaU.  aa 
tha  analoa  coaputar.  In  addlttoa,  a 
nolaa  analyala  la  noraally  condueta4  ta 
invcaclgato  tha  baate  llaltatlons  lapaaaA 
upon  tha  coapofiant  or  aubayataa. 

A  typical  nolaa  analyala  would  taha  tha 
following  foraj 

I.  Llat  aourcca  of  nolao  parttaaat  ta 
eoaponant 

A.  Iharaal 

I,  alaetronie  darlvatlwa  clrtalta 
3.  aactianical  daoplng 

B.  riactuationa  In  ptcVatC  dawlaa 

C.  Fcadbacfc  aaaliflar  nolaa 

0.  Variation  In  BCg(natle  alaaaat 

II. Dataralnatlon  of  aagnltuda  and  trotfaaac; 
apcctra 

1,  laplaca  tranaCora  of  aata> 
corralatloa  function  of  aoiaa 

JUDataialnatlon  of  optlaua  flltor  ba 
aanlalaa  tha  alsnal-to-nolaa  ratio 

Thla  papar  dlacuaaaa  two  axlatlng  tyoaa 
of  accaleroaatcra  on  a  ooaponant  baala. 

In  addition,  ona  of  tha  accalaroaataro  1» 
applied  to  a  aat  of  Idaal  intahrabora  ta 
ylald  weloclty  and  dlatanca  functloaa  Car 
a  typical  accalaratlon  proflla. 
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SIRItlO-RlSTIlAinZP  AOCKlOUMBini 

Tha  aprlng-raatralnad  accalarnaatar  la 
aiailar  In  fom  to  a  alapla  jpandoltaa  or 
fraa  pandul'ja,  A  fraa  pandalwi  any  ba 
daCtnad  aa  an  unraatralnad  aaaa  of  waldht 
W  auapandod  froa  a  flxod  point  and  oetatf 
upon  by  tha  forcoa  of  accalaratlon  aad 
gravity.  Fhyalcally,  tha  paahtlwa 
conalata  of  a  aaall  danaa  aaaa  or  "bob" 
auapandad  at  tha  and  of  a  wary  light 
atrlng. 

A  raatrainad  pandulua,  aa  dlatljignlahad 
froa  a  fraa  pandulua  way  ba  daflnad  aa  a 
capturad  aaaa  of  walght  W  anapandad  froa 
a  find  point  ond  acted  upon  by  tha  foroaa 
of  acceleration  and  gravity  and  tha  forcaa 
of  raatralnt. 


I 


Oaftnltlons  applicable  in  the  deacrlptlofi 
of  a  pendulua,  whether  they  take  the  Cora 
of  a  free  pcndulua  or  a  rcatralned 
pcadoloa,  are  included  in  the  Hat  of 
eybula. 

Since  the  pendulua,  or  for  that  Batter  an 
acceleroaeter .  cannot  diaclnsuiah  between 
Srereity  or  acceleration,  it  aroold  be 
proper  to  define  the  action  of  the 
peodDluB  under  theaa  conditlone  and 
coa^inatlona  of  theac  conditiona.  The 
following  aolea  of  operation  will  be 
aaalyaed: 

1.  Free  Fandulua 

(a)  platfora  tilted  by  angle  A. 

(b)  platfora  horixontal  with  acceler¬ 
ation  A. 

3.  Keatrained  Pendulua 

(a)  platfora  tilted  by  angle  0 

(b)  pletfona  horizontal  with  accalcr- 
at  ton  A 

(c)  platfora  tiltad  by  angle  0,  with 
acceleration  A, 

3.  leeponac  of  lyatem  Jlbl  with  danplng  (D) 
to  a  atep  acceleration  Input. 

1,  (a)  Free  pendulua  ••  platfora  tilted 
ty  angle  A 


(b>  Free  pendulua  —  platfora 

borlaontal  with  accelaratlon  A 
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If  we  equate  the  restoring  tortjua 
equel  to  the  dlaturblM  torque  acting 
on  the  pendulua,  then  It  ca.t  be  shown 
thet 


If.  tie  eaall 

then,  tan  latt  (radlajta) 


tharefore. 


t" — (radlana),  for  aaall 

*  tllta 


This  statea  that  an  accclcroeeter  with  a 
acneltlwity  of  lO'^g’a  would  hang-nff  fro 
local  vertical  by  10-)  radlana  or  approa- 
iaatcly  i  arc-alnutaa. 

3.  <a>  Rattrainad  pendulua  --  platfora 
tilted  by  angle  • 


P.  -  .  ..f 


With  no  acceleration,  the  fret 
pcnduluo  la  alwaya  vertical  (local) 
and  the  tilt  of  the  pletfora  equele 
the  dieplecercnt  of  the  pendulua. 


A  treneduccr  le  ueually  eaployed  to 
detect  the  angle  t 


If  we  equate  torques  at  before. 


'‘a  -^a  T  ‘  Y  •  t 
if  we  let  /.  ■  /  ,  7  eaall,  and 


V  aln  9 

t  * - (Radlana)  (5) 
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(b>  MatralMd  p«nattl\M  —  pl«tC«rm 
horltontal  with  MMlaratlM  A 


dlaturblaf  ter^uaa  ■  raatorlaf 
torqua 

■^Ae<»»  ll-A  «~f  t  l  ♦  Wg</j  <a) 

at  bafora,  . 

(or  aaall  Y  ,  aivd  lattlag  •«.  * 
i  and  k,jf»»W  • 

t  «  (radlana)  t?) 


(e)  Raitraload  pandulua  >•  platform 
tlltad  by  at>|la  0  with  aeoalar* 
atloft  A 


f  — 


S.  aaaponaa  a(  a  dfpatl  pandulan  to  a 
atop  aeealaratlon  Input. 


•S-  Aowy. 
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In  tha  laplaoa  doualn  A  >  A(a) 


—  ‘wIy  »  CU) 
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td^ra  tha  undaupad  natural  (ra^uancy, 

9^  «  radlana  /,.» 
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dltturblng  tor<tua  •  raatorlnc  torqua 
W  W 
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1(.  aa  In  pravloua  caaaa 


It  Bay  ba  ahown  that  a  upra  axaot 
aolutlon  la  aa  (ollowai 

g  aln  0  -  A  coa  9 
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Th«  Invar**  tranafom  for  ■  atap  Input  of 
accalaratlon  la  aa  folVauux 
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A  alupliflatf  block  dlagrau  mt  tho 
accclaroaatar  loop  la  aaan  bolou. 

TSa  parauatara  appear  Is  tha  list  »t 
ayubola. 


For, 
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PEmnJUIH-TYPE  AOCELEBatlta 
Dafinltlon  and  Propcrtlas 


The  pendulou*  accalamuetar  In  thla 
leport  la  o(  the  Inverted  ("ndulua  type 
uaing  •  Hooke 'a  joint  (or  pcndulua 
aupport  ao  that  it  oovaa  freely  in  a 
plane  parallel  to  the  aounting  baa*. 

(ICtfATIOS 


LJ 


rtcaayp 


The  atwve  (Igurc  represrata  one  axla 
o(  a  pendiilou*  accelarouelar. 


The  electrical  plck-of(  on  it*  aenaing 
axia  detect*  df splaccatent  o(  th* 
ponduluni  (rnn  it*  unacrelereted 
poaltlon.  The  output  of  iba  C-brldga 
pick-oCf  1*  anpllflcd,  daaodulaiad ,  and 
fed  back  to  tlie  restoring  coil.  The 
uagnltude  and  polarity  of  tha  currant 
in  the  reatorlng  coil  ia  a  oaaaura  of 
the  acceleration  along  that  axia. 


Cravlty  and  Spring  Fetrc* 

Slnea  tha  accalarouatar  loop  la  asry 
tightly  captturad,  ona  nay  coaaldar  tbo 
affacta  of  p-a*lty  and  aprlsg  eauataatt 
aa  nagligibla. 

Thla  ia  illuatratad  la  tbo  alnplo  foxco* 
naaa  dlagran. 


Tha  force-uaaa  diagrau  ahotra  a  rapturad 
panduluo  awuntad  on  a  horlsostal 
pla  tforo  and  aubjoctad  to  an  acctclara- 
tlon  A. 

vharo, 

k^T*  restoring  forca  doc  to  claetrouie 
feedback 

Kit m  tpring  force 

Since  the  disturbing  tortpaa  aquala  th« 
reatorlng  torque  for  tha  forca  saaa 
ayatea  it  mmy  ba  ahown  that  tar  auoll 
vaLuea  of  p'  , 


r  = 


MA _ 

k  1  e  (k*!  -  Mj) 
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In  th*  prwleoa  »qn*tton  Mg  la 
pmpoi-tlonal  ta  tha  forca  dua  to  gravity, 
k  i  ia  proportional  to  tha  alactronle 
raatralning  forca  raaoltlng  Iron  tha 
accalcrotaatcr  aapllfler  (aalback  loop, 
and  kg/  la  proportional  to  tha  aprlng 
forca. 


accci.taaaaTCB 

nta-oar 


ACCaUOMCTtR  LOO* 


A  TYPICJIL  ACCCLMOMCrtR  CVOSCO  LOO* 


Proo  tha  abova  dtagraa.  It  can  ba  aaan 
that  _  _  .0003  ..  I  radlana  tor  a 

conatant  Input  of  Ig  accalaratlon. 
fhla  la  equlvalant  to  14  are>taconda 
hang-off.  At  thla  cxtrcaMly  low  hang- 
off  angle  tha  effecta  of  gravity  and 
apring  force  have  nagllglbla  affect. 

Open  Loop  Tranafer  Function 

The  open  loop  tranafer  function  (T) 
aay  be  obtained  froa  the  accaleroaatar 
block  dlagraaa. 


(21) 


Ualiig  typical  valtMsa 


(22) 


The  aprlng  force  and  the  force  of 
gravity  have  oppoafng  effecta  on  tha 
accelerometer.  An  adjuatment  procedure 
nearly  haa  thcaa  oppoeing  forcca 
canrailing  ona  another  with  the  raault 
that  their  coahined  effect  approachaa 
zero. 

For  a  conatant  acceleration  Input  of 
lOg.  the  piek-eff  output  voltage  ia 
60  HV.  For  a  constant  Ig  input  tha 
pick'uff  voltage  is  approximately 
6  MV.  Since  the  plck-off  hes  a 
aensltivitv  of  20  MV/.nol  inches,  thfa 
represents  .hons  inches  hang-off  of  tha 
neniulua  fma  Ita  unacrclaratal 
posit  Ion. 


Tha  natural  frequency  of  the  above  loop 
f»  ■  20#  cpa. 

A  decibel  versus  frequency  plot  of  Y 
<Jf)  will  pass  through  0  db  at  20#  cpa 
with  a  -12  db/octsva  slope  indicating 
inatsblllty. 

Since  tha  pendulum  exhibits  an  #00  cpa 
mechanical  resonance.  It  la  advlsabla 
to  have  a  low  open-loop  gain  at  thla 
frequency.  Therefore,  a  lag-lead 
network  amy  be  used  to  arabllize  tha 
loop  and  slightly  decrease  the  bandwidth 
of  the  system.  Tha  use  of  tha  lag 
network  by  itaelf  would  tend  to  laolata 
the  closed  loop  frequency  response  peak 
magnitude  from  the  800  cycle  resonant 
peak.  By  itaelf  the  lag  network  la  not 
adequate  for  atabilizatlon,  therefore 
tha  need  for  a  lag- lead  network.  Also 
the  lag  network  duct  provide  a  alight 
reduction  in  the  accelerociatcr  hang-off.  A 
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lar^c  reduction  of  gain  at  low 
frequenclca  cauaed  by  the  lag  network 
woold  be  detrimental  to  the  ayatea 
pcrfomancc  ainca  the  accclcrooeter 
■ay  not  be  able  to  capture  the 
penduluB  for  high  g  Inputa  at  the  low 
frcquenclea.  For  thla  reaaon  a  5:1 
reduction  reprcaentlng  9.S  db  was 
chosen  for  the  lag  network. 

Ihc  function  G6>  la  of  the  following 
type: 

)  (  -7%) 

The  open  loop  tranafcr  function  with 
lag-lead  atablllzation  is  aa  follows: 


The  above  Bode  plot  reprcaenta  the 
calculated  open-and-cloaed  loop 
frequency  reapoiise  of  the  accclcronctcr. 
The  curves  indicate  thot  the  effect  of 
the  lag  network  reduced  the  0  db  cross- 
over  frequency.  The  coopcnsated  syatca 
illustrated  is  utable  with  a  phase 
aargln  of  *  30  degrees. 


ACCELEROieTtS  LDOTMIORS 

This  pSMr  will  diacaas  thraa  baste 
llaitationa  of  tka  acealaroaater.  Tha 
following  llaltatlsM  are  diacuaaad  la 
a  currant  raaaan^  projant: 

1.  Orlentatloa  eC  laput  axis  to  aaehanleal 
clcaents  and  aaaaltlva  axis  (Includlag 
orthogonality  mf  two-axis  unite.) 

*2.  Threshold  aaaslktwlty 

*3.  Scale  factor  accaracy  and  stability 

k.  Bias  arrer 

3.  Dsaplng  Caetar 

6.  linearity 

7.  Cross  coupllag 

S.  nonlinearity  wC  alactronlca 
9.  Rastraiata 

10.  Vlbratloo  rectification 
*11.  Transient  raspaaaa 


*Dlacusscd  In  thla  paper  (Itcsia  2  and  3 
were  prepared  with  the  assistance  of 
S.  Dardarlaa,  Project  Engineer, 

Kaarfott  Divlslaa  of  General  Preclaloa. 
Inc.) 


la.  SatwatlM 

15.  ByatarMla  <•*!•  wcartaljityl 

14.  CroM  «xU  vttratiaa  «if(*eta 

15.  DjtmbIc  rwga 

THUSiOLD  soamvm 

a.  Sprt«C  Bastr«iM4x 

pl-vota  haara  a  atatic  Crtctlaaal 
tor^na 


T{  ■  fJ  at  hraalaaay 

r  •  aarMO.  ay  *  tKraabolS 

accalaratiaa 


for  wall  aachfaad  baartafa 
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Tf  «•  20 

dyaa  ca 

W  M  «  a  3  a  18  ^CB 

20  dyne  cm 

•  a 

18  <980) 

«I  * 

1  a  lO'^g'a  thraObold 

la ration. 


raa  dlapli 
ara  conaliiarod  nagllclbla  alnoa  tba 
daflnltion  of  thraatiold  atipolataa 
aaotiona  of  tba  pandultaa. 


b.  Patidttlooa  Accalai 


■tar 


tba  thraaboU  aanaltlrlty  of  tba 
Invartod  paadolona  accalaroaatar 
dapanla  upon  boo  aatdi  byataraala  tba 
aatarlala  of  eenatruetloa  hara,  boo 
aharply  tba  taba-oft  nail  la  d^laad, 
tht  thraaboll  aanaltivlty  of  tba 
anpllflar,  and  tba  raatralnta  actlnc 
on  tba  araatora.  Idaally  a  nat  aiK-tns 
torqua  doaa  not  axlat  with  a  Ig  eroaa 
accalaratiaa.  tba  Hooka* a  Joint 
auapanalon  can  not  ba  conaldarad  a 
raatralnt.  Saall  sacondarjr  affaeta 
arlaa  dua  to  aaall  alaaatchat  of  tba 
Bprlng  rata  to  tba  aaat  of  tha  pandalwu 

SCALE  FACTOd  ACCUHACT  AW  STABIUTT 

a.  Sprlng-Raatralnad  Accalerooatar. 


Vk  _  SSO  ttm-rnl  CM  «C 


06) 


Tha  ocola  (actor  T^A  la  affactad  hft 

1)  error  In  J  due  to  aon-heeiofanalcy 
of  tba  aatarlal 

2)  error  In  i  dua  to  oadtlnliq^. 

3)  error  la  ■  doe  to  rorlatloM  la 
density  of  aaterlal 

4)  error  in  ■  due  to  non-boooganalty 
of  oatortol 

5)  error  In  jl,  dua  to  oacblnlng 

6)  variation  in  k  due  to  changing  of 
spring  dlaanslon  (aochsnical  orrore) 

7}  variation  K.  dua  to  changes  la 
air  gap 

8)  vurlotlon  la  K-  due  to  winding 

erroro  * 

9)  variation  In  IL,  duo  to  variation  la 
asgnatlc  quallrlae  of  tha  aaterlala. 

10)  local  g  changes. 

Tha  ecala  factor  la  set  for  ttw 
instruments  individually  bp  selectively 
choosing  over  or  underalaed  springs  ta 
compensate  for  composite  arrora. 
Generally,  the  scale  factor  nay  ba  oat 
to  within  I  2%. 


Seal*  factor  varlatloM  Cflxad) 
<  way  oary  duo  tot 


Scale  factor  varlatlona  occor  «Aan, 

1)  J!  varlaa  i!ur  to  tevporatura  chanfaa 

2)  mX  vartaa  dua  to  itaaa  ahlfta  i.a. 
cantor  llna  of  rotation  chan^aa 

3)  varloa  dua  to  taaparatura 

4)  k,  changaa  duo  to  tonparatura  and 

agin* 

5)  Kg  varlao  duo  to  taB|>arctura  change 
b.  Panduloua  Accalaroaetor 

aanaalng  all  errora  equal  earo,  wa  have 

and  if  •  980  af^ 

Tj'saOaJ^  *  990  KjtU-fcljE”**] 

alaltarly 

iT"  »aO«i(  *  9e0KjK*»/,  0*^*1 

Since  the  exprcaalona  are  aluilar,  only 
one  axla  need  be  dlacuited.  In  general. 


The  acalc  factor  la  affected  by  K|  to  a 
very  large  extent,  and  by  a 
aaallcr  amount  If  the  croaa  acceleration 
ta  approximately  Ig. 


(O 


<32) 


ri _ »lwJt 

— ;r~ 


(55) 


In  general, 

A  «*•  v  r  T  , 

L'en  9000  "^aol^K^vT  u'^’j 


1)  poroalty  of  aagtatfe  awtarlal 

2}  alaa  of  tha  air  ga^ 

3)  pameablllty  of  tha  ■arartal 

4)  alae  of  taaaparatara^cafanaatlng 
ahunt 

may  vary  doa  tai 

1)  alza  of  apool  (ainca  tha  ouabar  of 
tuma  la  cotmtad) 

2)  change  In  pokcklng  factor  of  winding 
cauaing  different  avarage  dlaaatar 

g  suat  be  known  accwrataly 

a  -  maaa  may  vary  due  teat 


1)  machining  tolcrancaa 

2)  dcnalty  varlatlona 

SI  amount  of  caaant  naad 

4)  amount  of  wire  on  eolla 

5)  amount  of  aoLder  on  tamlnala 

k  may  vary  due  to: 

1)  var^tlon  of  aodulua  of  alaatlclty 
of  aprlng  material 

2)  variation  In  dlaanaioma  of  Uooka'a 
Joint 

I  may  vary  due  to; 

1)  aiaehinlng  tolerancaa  (at'ciaaulatlva) 

2)  variation  In  danaltiaa  of  aatarlala 

K  may  vary  dua  tes 

1)  variation  In  naaber  aC  toma  in 
primary 

2)  variation  In  aaaaber  of  tmma  in 
accondary 

3)  dlraenalonal  tolaraatcaa 

4)  anralar  positioning  of  stationary 
coila 

5)  angular  poaltlonlng  of  moving  eolla 

6)  variation  of  Input  voltage 

7)  variation  of  impat  fcw^wncy 

a)  variation  In  the  Inpst  Impedance 
of  the  amplifier 

Variation  In  acale  factor  (rlma>- 
dependant) 

a)  B  may  vary  dua  te 

1)  temperatura  effects  gam  te  lapropar 
compensation 


2)  aflng  ot  magarnt 

3)  ttaparatur*  afCacta  ea  scala  factor 
adjiiatinf  acrao 


b)  f,  aay 


dua  to 


1)  taaparatura  aftacta  changing  lanfth 
approxlaatalr 

I  a  le**  X/  •F 

3i  Joula  haatlng  affact  loaaas) 

aifacta  the  unit  1  x  10*^  X/*F 

e)  aiaai  aay  vary  dua  to 

1)  maie  ahlfta  dua  to  ooa-unltora 
axpanalon  of  purte 

2)  oxidation  of  aatarlala 

d)  k  Bay  vary  dua  to 

1>  variation  of  Bodulua  of  alaatlcltjr 
dua  to  taaparatura 

2)  variation  of  dlaanalcna  dua  to 
ttsparatura 

3)  work  hardening  of  aatarlal  undar 
repeated  atraaalng 

a)  J  may  vary  dua  to 

1)  growth  of  material  dua  to 
Tnatabilltiaa 

2)  change  In  length  due  to  temperatura 

f)  Kg  nay  vary  dua  to 

t)  variation  In  dlmentlona  changing 
flux  coupling  coafflciant 

2)  variation  In  rcalntanca  of  primary 
wind  Inga 


IKAKSISHT  uaponsK 

Wo  notice  aarllar  that  the  uncoapanamtad 
open-loop  tranafar  function  of  tha 
Invartad-penduloa  tjrpa  of  accalarooetar 
haa  tha  following  tomx 


In  placa  of  tha  lag-load  function  aaaocl- 
atad  with  G(a),  a  proportional  plua 
darlvatlva  natwork  waa  ^oaen  mainly  for 
almpllclty.  It  followa  that] 

X,  j-) 

TCJJr - - '  CM) 


Thla  raaulta  In  darlvatlva  control  ter 
atabtllty  and  doaa  not  ovarload  tha 
analyala  with  a  hlghar  order  charoctorlatlc 
equation.  Tha  raaultant  cloaad-loop 
tranafar  function  ralatlng  output  currant 
to  Input  accolaratlon  la  aa  followst 


I<a,  cCs«fl;> 

£L(t  S*  eZjwaS  *WW* 


Whera  tha  danomlnator  la  of  tha  claeals 
accond  order  fora,  C  cquala  tha  ayetam 
scala  factor  and  cqualt  tha  ratio  of 
Ki,  Equation  3d  la  alao  aqulvalant  tm 

*2 

tha  fo  ta. 


(s*  *) 


It  la  difficult  to  aeelgn  nuoibara  to 


thasa  errori  for  they  are  dependant 
upon  how  the  accelerometer  ouichlncd 
parts  ere  detailed.  The  factora  which 
are  not  tlma  dependant  arc  compcniated 
for  by  a  small  shunt  screw  which  varlea 
the  flux  density.  The  other  factors 
which  are  tlac-dcpendent  arc  predominantly 
due  to  heat-treating  tha  machining  parts 
or  dependent  upon  temperature  effects. 
These  variations  are  ao  complex  that  smy 
attempt  at  analysis  would  be  too  involved 
to  have  any  meaning.  The  beat  approach 
here  la  to  use  data  supplied  by  the 
manufacturer. 

TTic  effect  of  non-uniform  heating  la  to 
tend  toward  large  errors.  Thla  must  be 
avoided  In  order  to  obtain  optimum 
performance.  Alao,  since  the  tempersturc- 
compenaat ion  occurs  over  a  given  operating 
range,  the  unit’s  envirenment  should  be 
thermoatated  to  maintain  this  temperature. 


^  and  •  <quW>l<pt  to  th^  pair  of 

.fcomplcx  roots  *■ 

'Now,  if  we  connect  our  accelerometer  to 
a  set  of  Ideal  integratora  and  subject  It 
to  an  input.  It  would  be  poaslblo  to 
obtain  tha  transient  responee  on  an 
acceleration,  velocity  and  distance  level. 

Tha  following  acceleration  profile  was 

asataudi 


In  the  I>aplac«  :1om1d  thla  cquatloo  ttdxa 
the  fora. 


Therefor*: 

ICO.  fs*ai  n»  ■  ^  si-'^n  -  . 

— -fT^Ww)  Ls  *  «*•> 

The  eccclerometcr  rcaponae  followa: 

l(<>.  -Hu  (a.-*0,-Ki  .  (a,-Tn  .-»il 

— J 


To  obtain  veloolty.  the  expreaaton  ia 
multiplied  by 

r*  e€~*^'  Be~*'«] 

sc  Is  **‘)(**»5  j_S*  **  TS»  J  '  ' 

{».-««>  -tt  au*  Ml-fete-lW 

C  -%(,-.)*  'fCi-*)*  -»•  J 

-«» 

<«> 

.g^r.  Tlf 

I  ,>(»-■)  »»£.-)* 

a.Ct-T.)*  _^  «.  I 

- 


To  obtain  dlatanc*.  the  origin*], 
ejrpreaalon  la  Bultlpllad  bjf  \  . 

8^ 

1  _  fcetO  Fa  Bf**!  Bt-^n 

[•»  S»  Ts^rj 

—  7'ci^  ‘r-7  ^ 

-Bu<:t-x)|-^s^P5  *1^5^ 

V,  U5> 

T  .♦&-->  d«» 

In  each  of  the  above  equation*,  the  tern 

«*-a*f*»*») 

- y, -  can  be  mad*  aero  by  aelccting 

a  value  tor  A,  equal  to  ~zj~~  • 

Thla  value  turn*  out  to  be  equal  to  ^ 

If  w*  aaetaat  that  our  acceleration  profile 
ia  of  aeveral  aeconda  duration,  wa  can 
Ignore  the  exponential  tema  alnee  they 
are  daaped  alnuaolda  with  tlna  eonatanta 
of  aillliaecond  duration.  The  laat  tem 
of  the  velocity  expreaaton  — ia 

equivalent  to  and  It* 

contribution  to  velocity  or  dlatance  error* 
la  exceedingly  auall. 

It  can  be  concluded,  therefore,  tliat  the 
transient  response  fo»-  the  chosen 
acceleration  profile  waa  too  rapid  for  any 
error*  to  enter  the  system.  In  addition, 
if  the  time  constant  of  the  acceleration 
profile  was  comparable  to,  or  faster  than, 
the  accelerometer  reapor.ee,  error*  alight 
well  exist  due  to  tlir  exponential  tenxa. 

In  that  particular  aitualion  it  i* 
conceivable  that  a  compenBot  ion  method 
would  be  used  Co  cancel  out  the  lag  effect* 
of  the  accelerometer. 

NOTES 

1.  Thla  work  w**  done  at  Kearfott  Division  of 
General  Precision,  Inc.  for  the  Aeronau¬ 
tical  Research  Laboratorlc*  of  A.R.D.C. 
Contract  No.  A7  3S(eie)-6902 
3.  Liu,  F.W.,  anc  Berwlii,  T.W.  ."Extending 

Transducer  Transient  kesponae  by  Elactronlc 
Compensation  tor  High  Speed  Physical 
MeasurementB''  Review  of  Scientific  Inatru- 
amnt*  Volume  3V  Number  I,  January  1938, 
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la  tlda  p»tme  Ua  aattog  ara  prlrllagad  to 
rapert  on  a  pamjrM  lafraaantlng  Uat  JelMt 
•fforta  of  Sim  Ur  BaraVopaaot  Cantar  aitl  Vitro 
tatnratorlaa  at  Waat  Cnata,  >.4. 


IWtra*»U<gi 

Tt»  EOt  Bl^aaorios  Taat  FaclUtr  ot  tta 
Xaaa  Ur  aavolopuak  Oaotor  hu  tla  primrf 
alsalora  of  perforaliii  aneliMarlnf  ovaluiUona 
of  DSA7  iW.-eloj—gVil  lOI  ayataaa  anl  (aboyatraa. 
Our  instnacptatioa  la  baaad  vpoa  tbe  pMIoaap^ 
that  aii(;Ln»*rln(  toala  ahoold  prorida  quantlta. 
tlTa.  ropealahlBj  (bta  to  ai^lnaera  rasponaibla 
for  tba  darelopnaaa  of  KM  tachnlquai)  and  nqult^ 
aaiTt.  TMa  data  la  aaaaQilal  to  araluatlnc 
trsadboard  aodals,  reovlta  of  aodiricatloos,  and 
In  Mdcli^  toehaleU  etofnrlsofta  of  ciaipetltlvo 
equlpacnt.  la  a  raamlt  of  oaperitnoa  galnad 
throueb  parfwam^  of  thla  aiaslon  It  haa 
brcoM  apparant  Uwt  cirrant  toehnliuaa  lo  GCH 
Bnelneorine  teottn(  saffar  from  ixo  sarLoua 
Oaf IcLeoclaai 

1.  TSaro  ta  iB  ceoaral  a^aapant  upon  tha 
datird.Mua  of  iBartat  Bfroctlronaa. 

2.  CarratA  aiiaj»*aniit  technlquas  aro 
alnnst  aotlrel/  feasad  <a>oa  tnnan  OTaVuatlona. 

la  a  rrsiilt,  aaantltattra  precision,  rensltlrlty, 
repeotshlllly,  and  dynaole  ran^  aro  Tlrtoallor 
nois-«tl  slant. 

OMjK-rrtt 

la  a  first  step  toward  overoorlng  thasa 
deficiencies  no  hare  dafload  four  spectfle 
cases  of  Jaaninc  EffectlTenass  and  hare  identl* 
fled  a  neasurabla  parsweter  for  each  case. 
Breadboard  aodel  eoalaennl  haa  alee  been 
developed  and  tested  for  the  autonatle  naasure. 
sent  of  each  pirsaitar. 

Tbe  orerall  objective  In  the  de3l0n  of  thla 
equipnnnt  <tas  ta  iastraeenV  thn  radars  of  tha 
*3Crt  Test  Faeilltir  to  provide  a  itonattc  neasur*. 
rvrnt  vlth  ostpsls  la  a  for*  conpatlbls  with  tha 
lutonsMc  Hooitorlnf  and  Cate  Process Ing  Systea 
of  the  facility. 

The  InstrarsestaMoo  developed  to  saasios 
tbena  paranatera  is  omclalVjr  desisted 
Coiciteraeasiarrs  Brsluatlon  Set  , 

but  la  nore  easily  leferred  to  In  this  paper 
as  the  JZ  Mbter.  A  soparate  subset  Is  prorlv.d 
for  each  type  of  ■eoiureoent.  The  subsets  ape 
referred  to  as  Solf-Screeninc,  Area  Sc  -  .cnln,, 
Slenal  to  Molse  and  Track  Cowporatar, 

A  Oatinc  CPoop,  ,  equipnent 

required  ftr  operatloo  of  the  JZ  Peter  vaa 
developed  cooewieatly.  Space  does  nro  pensit 


a  technical  doseriptlon  of  the  Oottnt  (kos^ 
other  than  to  any  It  dallvara  proolaloa  fatoo 
correapoDding  to  tha  rango  and  aslsoth  at 
targeta  trackad  by  tha  A101SQ-1A.  Tbasa  gala* 
aro  Indicated  in  tha  Self  Scraoalag  and  Signal 
to  Molaa  Soboata. 

Tha  apacirie  eaaaa  defined  and  paranatera 
to  be  naasurod  arat 


1.  I^lf  Seraonlne  affectieanaoa  la  a 
naasuro  of  tha  ability  of  a  Jamlng  aircraft  to 
eoncaal  Itsalf.  Tha  paranatar  ehoaaa  to  neaatM 
thla  effactlvenssa  la  tha  ratio  of  Jailiig  to 


ploa  Beho. 


2.  Area  Screening  effectlTeneat  la  a 
leaaaure  cf  the  ability  of  a  Junlng  aircraft  to 
concoal  other  aircraft.  The  paranatar  choaan 
to  neasuro  affectlveoeee  is  Beductlon  of  Radar 
Detecttan  Aroa. 


).  ^ceptlon  Davlea  effectlveosaa  la  a 
tkeaeuro  o/  the  ability  of  that  daiico  to  doqy 
tracking  infomation.  Two  parsaeters  worn 
chosen  according  to  tha  typo  of  Intended  elctln 
radar.  Tor  auto-track  rietlna  wo  noaatfn  Trach 
Irror.  Tor  aearch  or  height  flnWr  vlctlaa  the 
■easurenent  la  Signal  to  Wolee  Ratio. 


ant  and  Rasul ta 


in  the  aqulpsent  descrlptlena  which  foUoMy 
detalle  of  the  circuitry  am  cnltted  hacauao 
they  would  ba  quite  fasdUar  to  uorkerf  In  the 
fields  of  radar  and  £01,  Instead  of  clrcvltrTs 
onphasle  hero  la  placed  on  the  fxmctlonal  ecbasM 
utlllted  and  its  applicability  to  ECH  on  tho 
basis  of  reaulta  obtained. 


Sines  the  Self  Screening  suboot  Incorporates 
ideas  corsaon  to  two  ott^r  units  m  will  ditcoao 
it  here  first  to  avoid  repetition  a:id  faclUtoto 
the  utxlers tending  of  tha  other  suboato. 


Self  Scraenln 


I 


To  neasure  the  self  ecreenteg  affactlTOOoae 
of  an  airborne  Janner,  the  radar  video  signal  la 
gated  over  an  ama  which  includes  tha  target 
echo  and  is  than  conpured  bo  a  signal  propor¬ 
tional  to  the  fanning  ajaplltuda.  Echo  atgoals 
strong  enough  to  exceed  thn  Jnsaing  level  aro 
eanpled  and  recorded  as  tha  nuaher  of  hits  la 
one  scan  of  the  target  by  the  antenna.  Since 
the  civssber  of  allowable  eweepa  In  tho  acan  la 
preset,  the  hit-swe<vp  ratio  can  bs  dotaraiiiad. 


Tho  photograph  (fig.  1)  ahowe  tha  pt^alcal 
eonflpuratlon. 


Figure  ?  is  a  sirpTlflnd  block  diagraa  at 
the  self  screening  Instinasentatloft.  Radar 
video  infonsation  la  extracted  prior  to  tho 
video  clipper  stage  of  the  radar  set.  This  la 
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lai  inwij  t»  irovld*  aoBalUTlty  and 
x«B(«  |y»t»r  tiMi  tht  FPI  prtMntalioo.  A 
•MrOi  at  tis  aolM  U  Ulna  dorlac  Moh  raAw 
Mwp  ly  M«PB  of  •  pTMoi  (ata  vlilek  la 
•ataMlateid  dartac  ^  radar  daad  tlaa.  Wa 
tatad  vldBa  aai^la  la  Intacratad,  tmeoarad  aad 
aapUtlad.  lUa  bcacared  and  ai^lUlad  alfaal 
la  ircpcxttacal  ta  tba  ociae  aapllioda  of  tte 
Jaadac  alenal  alona  an)  baa  {.-oBatanl  a^Utada 
for  Ua  iatarpalaa  period  of  Um  radar.  lUa 
al(ial  aatikblialna  a  thretbold  laral  for  co^ 
parlac  tba  widte  aaapla  taken  in  a  (ata  eoa 
taidog  tha  aircraft  targat  rotm. 

To  oM^ila  tt»  target  relm,  a  raaga  ^ta 
ta  estakllditd  Means  of  a  raoga  trigger 
generated  fm  a  radar  tracking  tha  sasia  target. 
This  trigger  la  tlaa  ajnchronlied  te  tha  aatreh 
radar  and  la  ad>)ated  to  eatabllah  a  praclaa 
rai^  gala  ahleh  la  cmparahla  In  vldth  to  tha 
anarch  radar  pelaa.  Thla  gated  video  Inforaa- 
lioo  la  negntleelj  added  to  tha  threahold  lewnl 
csUbliahcd  1^  tha  Jaanlng  aanpla  and  ctmpmi 
te  a  dc  clip-level  tlgnaL.  Ir^  excnraioa  «f 
the  video  snqile  beyond  the  clip  level  la 
aMplinod  aad  trlggera  a  alogla  pnlaa  goneratar 
which  a  connter  to  advance  ty  one  cmaA. 

ialiaftk  Information  1*  also  obtained  froa 
the  tracklnr  radar.  TMt  Information  la 
Bj  neliMndaed  to  tha  search  radar  antacna.  aad 
tha  Hidt):  cf  the  aalauth  gate  Is  estsbUshsd 
knowlnc  the  FSP,  antenns  speed,  and  tha  beam- 
erldth  of  the  search  radar  antenna.  Connte  aro 
established  for  the  niRber  of  radar  sweeps  per 
buimertdth  aad  also  for  tba  mnhar  of  par 

bewrvidth  wherein  the  video  saaple  ascaads  thn 
threshold.  Ttese  two  count!  prcvldo  tha  rails 
of  hits  per  scan  In  percent. 

night  test  resolts  showing  corrolatleo 
hetacan  — data  and  oparator  Bllp/Scan 
data  have  net  bean  conclusive  dua  to  the  uaa  of 
InteriM  gatlcg  equipment  to  provide  acljaith 
gates  aroeol  the  target.  &"rors  up  to  .  2mS 
degrees  orenmd  wMeh  were  equivalent  to  tha 
3  db  antocBO  beamwldth  of  tba  radar  iindar  teat, 
nowever,  slimilated  target  and  la.nlng  slgoala 
bnee  baen  Bed,  and  tha  resulta  shown  In  figs.  ) 
and  1  ibmwii'*T->te  tba  ability  of  tha  machlnae 
to  perform  their  Intended  function.  Figure  3  la 
the  deV-ctioe  calibration  cum  achieved  Iv 
Inmctlng  n  variable  amplitude  rf  poise  into  thn 
radar  and  recording  the  selfscrvenlng  coraA  for 
e.ch  Iveel  of  tha  rf  signal.  It  Is  slgnlflca^ 
to  note  that  opemlor  hCS  level  is  appmxlmstelr 
a  Sal  count  and  Uio  oacMne  arhleves  at  least 
3  db  more  eensitteity  than  an  operator.  Flgera 
!i  chows  the  effects  of  tliree  different  nolas 
levels  am  the  detection  calibration  curve.  Thn 
three  curve,  were  taken  at  receiver  noise  level 
and  at  6  and  17  db  above  receiver  noise.  Tht 
thre--  curves  are  displaced  approx la-atoly  6  A 
apart  ad  iMve  a  symmetrical  shape,  Ifxilcetlrg 
tfiC  dclcclioo  avslev  ia  relatively  Insenrltlvs 
tc  the  .-wvlatede  of  the  signals  being  detected. 


Area  Screanli^ 

Tha  asms  screanlng  pertlon  bori'eai  Mvardl 
taehnluimt  alrssi^  dtaes^bod  In  tha  aalf  nerennlgi 
■dt.  Tba  ■taaiiranint  perfoiaad  la  aetoaUy  n 
eoenting  of  artlflolal  targets  ia  the  praannM  of 
ths  jMinlBg  an  a  par  anteana  revolatlon  bnala. 
flva  targat  alsas  art  lojactad  eycUcally,  am 
pmr  naft  scan,  at  tbs  and  of  each  aeaa.  Tor  n 
typical  radar  with  antanna  spaed  of  5  tFN  and  liOO 
pulsaa  par  saeood  timra  would  ba  tiSOO  targata 
cointad  with  no  >asilng.  Jaanlng,  ef  coeraa, 
tmdacaa  tha  connt.  Tha  laaher  of  *l0aka  par 
ravelotloa*  la  eallad  Ho  and  tha  fftoer  of 
daieetlona  la  H.  Ths  ratio  of  M  te  Ho  la  a 
■aaswa  of  the  useful  radar  coveraga  aad  la 
yamaanted  on  countera.  Tha  asna  data  la  pra. 
aaoted  on  a  paoal  natcr  eallfaratad  In  parcentagn 
acraeninc  of  the  normal  radar  oovarags  araa. 

Tha  artificial  target  alsei  aro  adjnstablef 
however,  they  are  ordlnerlly  set  ao  that  tbs 
—a  Hast  targat  tlnulatet  tha  echo  frea  tha  tast 
aircraft  at  naslMva  radar  range  with  the  feer 
others  Increasing  In  alta  to  represent  ths  »mm 
aircraft  at  tlurber  ranges  corresponding  te 
inerenente  of  equal  coverage  area. 

Before  passing  bo  tha  block  dlagm,  refer 
te  tha  timing  chart  (fig.  $)  which  previdas  an 
easier  understanding  of  ths  general  operstlceal 
achnm.  Only  tha  assoAtlal  alamsnts  are  Shawn. 
Undt  1  A  7  thcM  tha  antenna  rotation  signals 
and  contlnuona  radar  triggers.  Tha  lower  IS 
Unat  are  an  expanded  view  of  condltlona  during  a 
period  of  6  redau'  triggers. 

Tha  slspUfled  block  dlagran  (fig.  6)  shoos 
■mare  clearly  the  way  in  which  synthstle  tergeU 
are  Injected  lute  ths  radar  and  ths  my  radar 
molsa  plus  synthetic  tergsta  are  returmd  to  the 
JB  aatw  for  aeapltng  and  counting. 

An  Intleatlon  ef  actual  parfomanee  la 
shown  Id  fig.  7  and  6.  The  data  for  tha 
calibration  curvs  was  obtained  by  adjastlag  tbs 
^levsl  synthetic  signal  to  provlA  a  9$  pareant 
count  with  normal  receiver  nolee  and  thra  Injact- 
lag  external  noise  Into  tha  radar.  The  ewe 
Bbma  a  uaefnl  range  of  about  3?  db.  Ths  — eiri  — 
ceemt  ia  the  average  cf  5  antenna  sweeps.  Tha 
reason  for  the  nlnlnm  count  of  iOt  la  that  with 
such  large  anounts  of  nolss,  ruMUlallva  Inrta- 
btlltles  produce  counts  from  tha  noise  Ituelf. 
Figure  8  showii^  the  correlation  between  ayntbaUc 
target  count  and  useful  radar  area  was  ohtnlnsd 
welng  norul  radar  operator  procedures  baawd 
upon  ths  fanlUar  tcherw  of  •Condition  Echo*  onn 
through  five. 

Slmsl  to  Hoisei 

Figure  9  Is  a  slnpXlfisd  block  diagram  ef 
the  signal  to  noise  ratio  nessurlng  lastmmenta- 
tion.  The  outpnit  of  the  radar  la  obtained  at  Um 
radar  praanpuner.  This  output  la  fed  te  an  IF 
amplifier  and  doUctor  with  bandwidth  lAntleal 
to  the  radar  not  being  evaluated.  Thtss  circuits 


7 


ar«  r««uirs4  t«  tyr*’*  »cUot  of  th« 

AOC*  A  aoparoto  AGC  itaco  !•  utlllM^ 
out  th«  initlol  troiuKlttor  pol»o  ^ 
cluttor  slctvila  to  prorldo  »n  IT  «■» 

conttlna  only  r»4Ar  nol**  plu*  »*•  torcrt  •l«aal 
of  Interast.  A  dc  Yoltac*  It  drrttopo^  t«  tla* 
tht  If  jj^Urlor  gain  In  order  to  koop  tto 
nrerag*  nolto  output  tt  »  coniUnt  larrol.  i 
t^gat  •4j«pl®  1®  whlcbl*  Iam* 

tlc«l  to  that  craatad  In  the  eelf  *cre«dit 
instrunentatlon.  The  oulM.  of  lU» 
c^inuth  video  gate  oonsie^a  of  a  conataiA  lerel 
of  rvolse  pixie  the  iarcet  ni^nal  of  i/iU  et* 
k  video  eafipler  accepte  ilia  video  ei|h*l 

eiid  prodx)ces  a  eevlooth  signal  which  actlvatee 
a  pxiXae  counter*  The  total  rayJjer  of  pulse* 
fed  to  tt«  pulse  counter  1*  prc'oriltsial  t« 
elt'***T  slr^ncth  plus  nolee  to  noise*  TV*  oot- 
pit  crre^lsta  of  vtsiial  nt*>erlf  cotmtere  for 
Mrual  or  photographic  recordlrj^  and  a  ap-^ciaa 
output  vMch  it  fed  to  t  punched  r«r*af  A*p« 
recorder  for  us«  In  the  coe^puter. 

The  prtiwry  oae  of  thia  rechirej  vnnto 
ernlvite  the  efrectlveneco  of  eirhome  dec^ 
ryatere.  The  aigrul  airenctha  of  both  mdjn- 
rttuma  would  he  convared  to  nt»lu»1-r  tl» 
pcrfcrnance  of  the  decoy*  hcperlrvntel  teat* 
have  shov-n  several  other  uaea  for  thi»  Inetm- 
rertt.  Flfurv  10  la  »  plot  cf  tlie  horliootU 
pallem  cf  the  radar  under  teat.  A  rcaota 
alcnsl  eerwrator  w*A  eynehronlted  «flth  tta 
radar  trlfcer  end  the  algnel  araplitude 
roaaured  et  1  decree  etlaiuth  Ir.tervela  »»  U» 
intenne  wee  retatlng.  Figure  11  »h<x»  the 
effeclt  of  redar  acreeolne  ceused  by  neerh* 
tlrvct'ir/iS  sod  terrain*  This  plot  was  oM aln*J 
by  flyln^-  tn  aircraft  at  conetant  altltudn 
aroiind  Xfjo  teot  site,  Veeplne  the  target  el 
coi^st.ml  range  and  aspect*  k  plot  of  the 
relati/a  radar  refircilco  croao  aecticn  cf  m 
aircraft  la  ehown  In  rigure  12#  The  aircraft 
wao  rUvn  in  circular  pattern  of  •pw'oxlaeleljr 
10  rile#  dlaneter  at  a  distance  cf  l<0  rilee 
fron  the  teot  site.  As  the  aircraft  laa^ntaiaM 
a  rorxstai.t  5  dacm<  bar«kf  two  halx'ts  of  the  plaA 
ape  taV.en  frev-  5  deercra  above  and  5  dep*ec* 
belcM  the  horliontal  pl-ne  of  the  alrcxafl. 

TraeV  ^"-orTarateTi 

Jaw-trlr-g  of  a  tracking  radar  la  effeettve 
If  the  ^arwr  causes  Ike  radar  positlcn  and 
velocity  output  data  to  tecoee  so  nolay  th*t 
tk.0  daCi  Is  table  for  cffeclivv  weer«* 

systcr.  control  or  rrvvideo  no  track  at  all* 

The  r>ctKod  chosen  fer  thjs  rvaiistico  waa  a* 
In^^tr-  rcid  tlwit  would  cont' nuo'ii'ly  rccorC 
po::  tjcn  ^nfon  aMoh  fme  a  track inc  radar 
ai/'  rcslilcMj  da*  a  free  an  un,)ar»ed 
tr-xc  k.  nj  ladar,  In  a  fem  sultal  ]c  frr  i\^ 
latttrcii  r.'V  ccr^j  ut*»r,  T’oflilon  inf*  *1^ 
tTijc<  1  ^v  iwij  TAdor?  va5  cbtaiiad  fre^  che  rancep 
atleulh  »r>d  tlevatl«n  r-ervt.s  cf  tl*  ra«lar#  4e 
al)  th:fl  Infoi-roeticn  It  recorded  on  leincherf 
paprr  tto  coexf-uter  la  protTwred  to  tlee 


correUt*  4ll  th«  Infomatlon  to  ■poelflod  tlM 
increwnt*.  P»raU»Jt  eorroetion  U  olJO 
cramd  Into  th»  co«puUr  to  eorrolAto  »U  tlio 
data  ol  the  ^a^ad  radar  to  the  cotf‘.rolled 
tTKklr*  r»<l*r.  lb#  corrolotod  dot*  of  tl» 
Joned  rodoT  !•  then  e(»*«r«d  to  tho  ro/orone* 
radar  and  pcaltioo  error  ealeolatod. 


The  liuitruaontatioo  d«*aloi»i  haa  dMOfi- 
rtratad  tha  feasiblUty  of  ootoMlicaUy 
Moaurlng  tt»  porforwea  of  JuoMra  and  lOt  la 
taru  of  SaU  Sereanliie,  Area  Screenlne, 

Deception,  and  Slcnal  to  «ol»a.  Even  though  tie 
breadboard  nodelB  au.’frr  fro*  iMtaWlity  ana 
drift,  they  hava  proren  capabla  of  porfor^i^ 
»»o'>ur<:eouU  with  quantlutiva  preeHlon  and 
rareaUMUty  far  betur  than  la  pooalble  oalnc 
tha  haian  operator.  In  the  eotirae  of  taatlr* 
tha  S/M  rater  miarrouj  additional  application* 
were  dlacoeared  such  aa  dynanlc  ■eajrurmont  rf 
railar  crosa-oectlon,  radar  acreenln*  angle,  and 
radar  antenna  pattern, 

g  itaw  procr*h  will  nae  rasulta  fro*  the»* 
breadboard  iwxlals  to  provide  l«pr:^«d  nodal 
JE  Hater  t'-T  tha  AH/FIi-JO  and  AH/I133-)A  radar*, 
Several  chancaa  will  b*  incorporatedi 

1.  The  Catln*  Crotp  accuracy  will  ba 
li*wov<d  •«  that  aenaltlvlty  ahonld  Increaao 
about  6  db  relative  to  tha  bKaan  operator, 

2.  The  nolae  sarpUng  syata*  will  t* 
charged  free  tha  preoent  Unear  averaging  to  tm 
of  etetletical  detection,  Thla  wtl)  rended*  tha 
eo-'pnent  virtually  Indapondenl  of  the  ■tatlatt> 
cal  dlatrJbotlon  of  the  jaaaer  nole*. 

3.  Vrjt  marier  of  arparete  tlnlng  gatoa  ulU 
be  reduced  eo  that  tha  cuauUHv#  orrore  and 
InetablUtlea  have  leea  effect  upoo  overall 
»ee\irMC^, 

In  conclusion,  vc  feel  that  thia  Inatmne*, 
tatlon  18  a  neterlal  ccnlrlbution  in  tha  area 

teat  Inatrvneiitatlon.  Home  than  that,  in  the _ 

field  of  ECH  tasting  where  the  differenco  belaee* 
Engineering  teats  and  Operational  teats  la  ofta* 
a  difference  only  In  the  ranber  of  itene  teetod, 
thli  equifvnent  represents  a  algniflcajA  etep 
toward  truly  engineering  type  aeaeurerent. 
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5.  KUtc-nu^'^^ 


MtCH-SPEtD  AITTO-OATA  STSTBl 
tjz  Mr.  K.  0.  Jones  mad  Mr.  J.  •.  i 


STUDIES 

ite  Corpora cion 


latroductloa 

Recognising  that  an  autoisattc  data 
handling  aysten  uould  greatly  ahortea  da- 
lays  beCMcen  the  ciolLectloa  of  raw  data 
and  final  reduction  of  these  data  to  a 
fora  tulcable  for  analyala,  Sandta  Labor¬ 
atory  haa  developed  a  nultlchannel.  high* 
speed,  autouted  data  ayaccn  for  recording 
digitally  the  outputs  of  the  analog  trans¬ 
ducers  used  In  the  study  of  blast  effects 
froo  tsall  high  explosive  charges  (about 
10.000  pounds  of  TMT.  See  Fig.  1).  Test 
phenooena  associated  with  these  studies 
are  of  short  duration  (10  to  40  sillll- 
aeconds). 

To  satisfy  the  requlr<^nts  peculiar 
to  blast-study  work,  a  systen  was  needed 
that  would: 

1)  Provide  automatic  data  rcductlasi 
In  the  field 

2)  Deliver  recorded  Information,  foe 
aK>rc  detailed  analyala.  to  conventional 
computers  in  a  form  coopatlblc  wlch  tbelr 
Input  requlremenca 

3)  Respond  over  a  frequency  range 
froa  DC  to  3  kc  or  cure,  with  a  rtae-tlne 
capability  of  O.l  mllllaecond 


Rlwaty  mm 
he  triewl 


4)  Have  an 
Cull  scale. 


ccuracy  of  1  per  cent  of 


The  syetem  developed  to  Met  Chess 
requlrcewnta  provides  for  the  eampllng  of 
e^h  of  32  analog  Inputs  at  a  12.S-kc  rata 
and  for  the  recording  of  senple  asplltudes 
In  the  form  of  a  serial,  sevea-dlgtc,  bl- 
mary  nvmbcr  on  magnetic  tape.  This  means 
Chat  the  Information  hendling  capacity  of 
the  recording  system  must  therefore  be  2.> 
eMTgsblts  per  second.  Allowing  an  addi¬ 
tional  400  kilobit#  for  Internal  aynchro- 
nlzatlon  and  chanoel  Identification,  tha 
total  recording  capacity  of  the  system 
must  be  3.2  megabiCB  per  second. 

After  recording,  the  magnetic  Cepe  Is 
plsyed  back  st  s  rate  slow  enough  to  per¬ 
mit  retranscript  loo  of  the  Information  to 
seven-level  paper  cape.  The  paper  tapes 
are  then  read  by  auxiliary  equipment,  and 
the  Information  Is  decoded  and  plotted  on 
Standard  graph  pnper  In  a  form  suitable 
for  "at  Che  site"  exam.' nation.  Altema- 


currently  the  Information  cam 
I  to  binary  decimal  excess'3 
>la  for  Input  to  an  Zlecom  12S 
more  detailed  analysis. 


System  Organisation 

gmi^liflcd  block  schematic  cf  tha 
rnfataas  la  shown  In  Figs.  2  and 
3.  Am  smcmrdlng  sMtlon  (Pig.  2)  la 
all  iH^TiSiiiii  i1  and  Illustrates  Che  sa- 
^mcmee  mt  smapllng-ooding-recordlng  opar- 
al  111  psei  Iniiiljr  described.  The  playback 
aectiamCng.  3)  sm^r  Izea  the  operations) 
reqmlaodl  be  provide  a  secondary  transcrlp- 
tlMaf  the  dsts  to  punched  paper  tspa. 


Bbmcttamal  details,  at  well  as  da- 
acriyClaBa  of  tha  various  major  componanta, 
will  W  pseaented  In  tha  following  aec' 
cUma.  'ttey  wlli  be  grouped  according  to 
Chdr  svlewence  to  data  coding-recording, 
pUglhmca,  ar  processing. 


Recording 

CSmnwitator  ••  At  shown  In  rig.  2. 
hlaac-imhated  transients  In  analog  form, 
detactaid  hy  trantducara  located  In  tha  la- 
mmdLant  htaat  environment,  are  transmitted 
by  miam  **-*-  to  a  conrucator  which  attem- 
hlea  aamplaa  of  the  Inputs  In  s  tla>e  dlvl- 
slom  amkcfptcx  to  a  high-speed  analog-co- 
dlglxai  saemerter. 


ImMeUiiaL  channel  switches,  using 
aelIJ  srwa  devices  and  printed  circuit 
tactadiBBes.  are  packaged  In  groups  of 
eight  sad  asa  activated  at  a  12.3-kc  rata 
by  osMaad  pmlset  from  Che  program  control 
aaUt.  Em  Ihe  Interest  of  nalnCalnlng  mod- 
mlar  flaalhlllcy,  provision  was  aiade  for 
amt tiMmg  eight  channel  groups  at  rates  of 
either  h.23  he  or  23  kc  through  the  use  of 
a  psirh  pawl.  In  principle,  coonutatlon 
comU  he  SBcampl Ithed  at  still  lower  raCe% 
thereby  ImereaBing  the  number  of  channels. 
Howemer,  the  particular  requirements  of 
the  blase  studies  group  were  satisfied  by 
the  32  rhimai  1,  l2.3-kc  sanpllng-rata 


asd  resistance  of  the  Individual 
Im  the  "closed"  position  Is  30 
mms  to  a  comnon  load  of  1000  ohms, 
stance  of  the  switch  In  the  "open" 


Funcllonal  block  diagram  Al'TO  ni.AST  EMTA-STYSTEM  (Playback) 


coAdttton  la  4  Mgotaaa.  aisnal 

inpuc  laval  la  1  irolt. 

Analo«-to-PlKlt«l  Cowatta^'  —  I* 
view  of  the  short  period  (l.a.,  2.S  pi**c) 
available  for  dlsltlaiag,  the  "f laaheod- 
lAg"  cathode-ray  C\^  tachniquaa  developed 
by  R.  U.  Scars  and  associates  at  tbs  Bell 
Telephone  Ldboratorlea  were  utilised  to 
obtain  analog-to-dlgltal  eoovarsloa. 

Tubes  of  this  type  have  acconpllahed  con¬ 
version  at  rates  as  high  as  10  ae.^ 

Because  the  convertor  Is  the  heart 
of  the  recording  syatea.  It  deserves  fur¬ 
ther  consideration  here.  The  esaentlsl 
feature  of  the  coding  tuba  Is  a  perforated 
plate,  the  holes  of  vhlch  represent  an  or¬ 
dered  array  of  the  2**  awplltude  levels 
characterised  by  an  n-dlglc  binary  coda. 

A  ribbon  electron  bean  la  deflected  verti¬ 
cally  by  the  output  of  the  coeautetor. 

Separata  collector  plates  are  placed 
behind  the  code  plate.  A  pulse  la  pro¬ 
duced  only  If  Che  besai  goes  through  a  hola 
In  the  plate.  Since  the  ribbon  bean  cov¬ 
ers  the  full  width  of  the  code  plete,  Che 
code  Is  registered  slsultaneously  on  a 
plurality  of  digit  collectors,  one  for 
each  digit  of  the  code.  It  should  be  no¬ 
ted  Chat  Che  digital  outputs  are  In  peral- 
Icl  here  and  chat  tha  coda  cnployed  Is  Cha 
Gray  coda . 

Decocitautator  --  The  prlaary  function 
of  the  decooBMtator  la  to  serialise  Che 
output  of  the  coding  cube.  Then  the  seven- 
digit  n^sober  characterising  tha  asplLCuda 
of  a  soaple  fron  a  given  channel  Is  Inter¬ 
laced  wtch  the  seven-digit  nunber  repre¬ 
senting  Che  sBplitude  of  a  aaapls  from  a 
aecond  channal  to  form  tha  two-channel 
serial  tnulclplex  deleted  in  Fig.  4.  That 
Is,  digital  rcprcacataclona  of  channels  1 
and  3  are  contained  in  an  SO-paec  freae 
corresponding  to  the  12.S-kc  aa^illng  rate. 
(The  Cera  ''frasM'*  Is  used  here  to  refer  to 
the  particular  array  of  digit  pulses  aaso- 
cLaCed  with  a  given  sanple.  Ttie  tern 
"framing  pulse"  refers  to  Che  Clalng  Index 
or  fiducial  pulse  used  to  nark  cha  Instant 
of  aaopllng  and  to  order  Cha  array.)  In 
Chla  way  32  channala  of  data  are  recorded 
on  14  magnetic  tape  channala. 

It  should  be  noted  (Fig.  4)  that  tha 
channel-3  framing  pula#  la  reduttdanC  since 
channel  3  la  stespled  5  esec  after  channel 
1.  The  spsce  which  would  otherwlee  ba  ae- 
slgned  CO  the  chenncl-3  fremlng  pules  la 
reserved  for  a  playback  prograa-control 


pulse  used  as  an  event  eaeft.  Ibis  pels* 
ce^  also  ba  SMde  to  aeclwetn  tha  paper* 
Cape  punch  la  playback,  tbaedby  prowldlag 
a  ae«ccb  nods  oparaclon. 

Itia  decoMatator  prawldBa  one  other 
funecten,  that  of  InaarrlaB  a  racagnlCloe 
signal  conaiatlng  of  all  aaawa  la  tha 
frana  except  for  tba  fraadaig  and  playback 
prograa-control  pulaaa.  Ibis  ualaua  valna 
la  reserved  to  abow  Chat  ealibracion  ln> 
fomaclon  will  follow  on  tba  cbanaala. 

Tha  flrat  atop  in  tba  decenautaCloa 
ptot  'iss  la  CO  feed  the  aaeen  digit  outputs 
of  cho  analog- to-dlgltal  coswertar  to  aag- 
natoscrlcclva  sonic  dalj^  Hass  which  pro¬ 
vide  delays  varying  froa  10  to  70  gsec  la 
10-as«e  etepa.  After  apllftcation  and 
ragencracion,  the  digital  pnlaaa  (dalayod 
for  longer  periods  as  chetr  atgnlflcaace 
dectcaaaa)  era  fed  to  a  aolld-sCaCa  logic 
complex  where  they  are  comtitmiil  with  tha 
previously  described  pTag;raB  aignala  Co 
asks  up  tha  lomac  of  Fig.  4. 

Finally,  aftsrr  power  apllfleatloa, 
Che  16-channal  output  of  Che  deco— itator 
la  fed  Co  Che  aagnctlc  tape  recorder. 

Progras  Control  Dolt  —  Obviously, 

Cha  eucceas  of  the  timing  and  gating  oper- 
atlona  daacrlbed  above  depends  upon  acca- 
rate  tins  alignments  of  control  pulses 
froa  Che  progrsa  control  esdt.  These  are 
obtained  froo  a  set  of  12  basic  control 
pulses  which  arc  fed  to  warleua  units 
where  they  are  conhlned  in  diode  matrices 
CO  fora  control  pulses  for  ro— jtetloa, 
decoosautatlon,  etc.  For  eoswenlcace,  a 
standard  printed,  diode,  plng-ln  package 
conaiatlng  of  at^t  3-leg  JgD  gates  was 
adopted  for  chla  puzpoae. 

For  Che  aost  part,  Sedivldual  clr- 
cutca  are  cooventlonal.  4  few  of  the  aore 
unconventional  clrcvtcs  have  been  de¬ 
scribed  by  HeechsB  and  Petataon.” 


Recorder 

Serial-type  BMgneClc  tape  recording 
was  adopted  In  preferaaca  ta  parallel  C^pe 
recording.  The  playback  drcultry  re¬ 
quired  by  tha  aerial  type  la  not  as  axCea- 
slve  but  le  aora  functtoaally  coi^lex  chan 
the  parallel  type,  since  Interlecsd  frsae 
snd  data  pulses  auat  be  separated  elec¬ 
tronically.  The  co^lexlcy  arises  In  re- 
clocklng  the  pulses  at  the  playback  rate. 
Although  this  electronic  dlscclalnaclcn  le 
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Figure  e 


avoided  in  parallel  recording  In  whlcta 
data  and  franlng  pulaea  are  recorded  on 
aeparate  nasoetic  ehamela,  pulaa  anpllfl- 
catlon  and  regeoeratlon  c<{ul^cnt  oaist 
there  be  dupileatod. 

to  additional  JuatlClcaclon  for  the 
•doptlon  of  aerial  recording  atena  fron  a 
consideration  of  tha  nechanlcal  problcna 
associated  with  parallel  recording.  In 
particular,  registration  dltflcultica  fron 
variable  differential  tape  atretchlng  at 
high  recording  apeeda  were  anticipated. 
Theae  dlCflcultlea  bacone  aven  mete  acute 
In  field  uac  ebere  tape  handling  and  stor¬ 
age  facilities  «ra  far  from  Ideal  and 
vhera  both  tape  and  recorder  will  be  sub¬ 
ject  to  extremes  of  temperature,  humidity, 
and  dust  (ace  Fig.  1). 

The  tape  transport  employed  was  da- 
vcloped  for  this  particular  application 
by  Clevlte-Brush.  Slsccan  channels  ara 
recorded  on  3/4-lnch  Hylar-baae  magnetic 
tape  fed  frm  a  bashet  providing  atoraga 
for  800  feet,  fbe  recording  apeed  la  330 
laches  per  second  with  a  recording  pulse 
density  of  570  pulses  per  Inch,  which  cor¬ 
responds  to  tha  200-lcc  pulse  recording 
rate. 

Once  serial-type  recording  was  adop¬ 
ted.  It  was  decided  for  simplicity  to  dlf- 
fcreotlata  the  framing  and  data  pulses  by 
recording  at  two  aaplltuda  levala  (saa 
Fig.  d).  Since  tha  framing  pulaa  appears 
only  ones  for  each  frmaa,  it  was  assigned 
Skaxlaum  amplitude.  The  limitation  on  the 
solitude  of  the  framing  pulse  la  flxad 
by  saturation  of  the  tape  sMgnctlzetlon. 

Of  course,  while  tha  code  pulaea  aiust  have 
lo^tt  anplitudea  to  distinguish  them  from 
frmslng  pulse,  their  aapllcudes  must 
be  high  enou^  to  malncaln  a  favorable 
3lgDaV-to-oolae  ratio  on  tha  comparatively 
alow-speed  playback. 


riaybmck 

The  primary  function  of  tha  playback 
system  la  to  transfer  tha  data  recorded 
on  the  primary  storage  medium  (magnetic 
tape)  to  permanent  storage  In  the  form  of 
punch  paper  tape  (tea  Fig.  3).  to  do  thla, 
the  magnetic  tape  le  examined  channel  by 
chitnnel;  In  a  32-channel  tet-up,  32  mag¬ 
netic  tape  paaaae  ara  xerulred  to  punch 
32  paper  tapes,  one  for  each  of  the  orig¬ 
inal  analog  input  cbannela. 

The  Jtsp  in  this  process  la 


ampllllcatlom  sod  regsnerstioo  of  ths  rs- 
corded  pulses.  Tbs  playbsck  circuitry 
provides  pulses  of  ceoatant  width  and  ma- 
plitude  and  also  sepaiates  out  tha  framing 
pulse  oa  the  basis  of  amplitude  dlscrlml- 
natiom.  Ths  frmdmg  pulse  drlvea  a  clock- 
pulse  generator  uhlcb  produces  two  sacs  of 
eight  clock  pulses  cerrcapondlng  to  ths 
poslcloiu  of  digits  Indicated  on  rig.  4 
for  channels  I  and  3.  A  "fly-whael"  af¬ 
fect  is  Included  la  this  circuit  so  that 
loss  of  an  occaaloaal  framing  pulaa  will 
not  cause  loss  of  syncbronltatlon. 

Various  magnetle-tapa  playback  apaada 
were  tried,  and  the  results  Indicated  that 
1  Inch  per  second  was  tha  minimum  accept¬ 
able  playback  rata  for  a  slgnal-to-nolta 
ratio  great  ctxnigb  to  ensure  rallabls  ayn- 
chronlsatloo  of  the  recording  and  playbsck 
circuitry.  With  a  recording  speed  of  330 
Inches  per  second,  the  minimum  acceptable 
playback  rata  la  jpproxlmataly  33  frsmas 
per  aecoatd. 

The  final  step  1»  racovery  of  play¬ 
back  data  conslsca  la  making  a  serlal-to- 
parallel  cooveraloo.  Kcgeneratcd  data 
pulaea  correapoadlng  to  elchar  channel  1 
or  3  can  be  geted  Into  e  shift  register 
composed  of  e  linear  arrey  of  two-cora* 
per-blt  magnetic  storage  elcmenta.  In 
respeuae  to  shift  signals  from  the  clock 
pulse  generstor,  tha  data  pulaea  atova 
along  the  array  watll  tha  regiatar  la  com¬ 
pletely  filled.  At  this  point,  the  data 
In  the  ahlft  registsr  axe  trensf erred  to 
a  seven-level  Teletype  tape  punch.  Tempo¬ 
rary  parallel  storage  and  Interlocking 
electronics  are  required  to  synchronlaa 
perforation  with  the  playback  framing 
raco.  Oaca  characterising  amplitudes  of 
auccesalvc  aamplea  of  each  of  tha  analog 
Inpuca  have  nov  beam  transcribed  to  aevtn- 
lavel  perforated  tape  and  are  available 
for  processing. 

Pata  Processing  —  Ths  cot^putlng- 
plotting  fscillty  developed  for  prallai- 
oary  data  evaluation  ccnalata  of  three 
prinelpsl  units:  m  paper  tape  reader,  s 
dlgltal-to-onalog  converter,  and  an  X-T 
plotter.  A  fourth  unit,  on  asynchronous 
progrma  control,  coordinates  operations  of 
ths  other  units  mentioned.  Digital  data 
from  the  punched  tape  arc  translated  by  a 
dlgltel-to-enalcg  converter  Into  analog 
algnala  for  autoa»atle  polnt-by-polnt  plot¬ 
ting  by  the  X-T  plotter.*  An  saynchronous 
program  control  was  devised  so  that  tha 
plotter  would  rocslvc  Information  from  ths 
reader  only  as  fast  ss  it  could  be  plotted. 
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In  general,  ancceftlvo  plot  tranelta  ar« 
tmall  enough  to  pcnalt  plotting  at  rates 
ftos  2  to  4  pointa  per  secoftd.  In  eases 
In  which  »ore  elaborate  aatheaatlcal  cp~ 
eratlont  on  the  recorded  data  ore  de¬ 
sired,  the  outputs  o£  the  paper  tape 
reader  are  fed  to  a  converter  tdilch  pro¬ 
vides  a  binary  declMl  exceos-3  retran- 
scrlptlon  of  the  sasie  data  in  a  foraat 
suitable  for  Input  to  the  Clecoe  123  coar* 
puter, 

Installatloa 

The  eoopletc  automatic  data  system 
Is  Installed  In  an  undetgr«ind  shelter  at 
Sandla  Laboratory's  Coyote  Canyon  Test 
Field.  Regulated  power  supplies  ara 
mounted  In  the  right  end  bay  shown  In 
Fig.  5.  Flayback  equipment  la  located 
Inmedlately  to  the  left  of  the  power  sup¬ 
plies.  The  next  bay  contains  the  16-chan¬ 
nel  magnetic  cape  transport  (coaxson  to 
both  recording  and  playback  operation). 
Directly  to  the  left  of  the  tape  basket 
are  Che  flash  coder  (anslog-to-dlgltal 
converter)  and  the  sonic  delay  llnec. 

These  chassis  have  been  turned  in  their 
racks  for  the  illustrative  purpose.  The 
cooraucator  and  high-speed  program  control 
unit  are  located  above  the  delay  lines. 

Not  shown  Is  Che  control  console 
which  contains  the  teletype  tape  punch, 
reader,  X-Y  plotting  equipment ,  and  con¬ 
trol  panel. 


Operation 


Kacordad  data,  liKludtag;  am  tlma  msrka 
and  calibration  Intorsmrlam,  are  recran- 
scribed  no  paper  tape.  Tlsa  paper  tapes 
are  then  ready  for  pmcaaaiag. 


CoocLaalam 

Detplta  the  hlg)i  ratia  of  raeordlng 
to  playback  apeeda  and  tlM  oaa  of  convas- 
t tonal  recording-playback  technlquaa, 
synchronisation  can  be  malaCalaed  baCwcea 
recording  and  playback  ogalparnt  even  un¬ 
der  the  envlroosmntal  ismeia  encountered 
in  bleat  atudy  mork. 

The  authors  originally  hoped  that 
enough  reliability  comld  be  designed  Into 
the  systtm  ao  that  It  eonld  be  naintalnad 
and  operated  by  untrained  personnel.  Un¬ 
fortunately  this  sin  wee  net  reellxed;  ona 
of  them  was  always  requtrad  to  'Wther** 
tha  system.  It  should  be  e^haalced,  how¬ 
ever,  that  no  attempt  baa  been  mad  to  re- 
desl^  the  syatea  for  greater  reliability; 
rather,  any  design  txpxrfllenf  Chat  seamed 
to  promise  earlier  field  cpcraClon  was 
adopted. 

As  Is  often  the  caac  la  blast  study 
work,  Che  equipment  described  here  was 
hurriedly  attembled  for  a  particular  test 
serlca  of  blast  dlffractiaa  experlnents 
and  wss  utilised  for  the  cvsluatlon  of 
test  Instrumentation.  Tbs  details  of  tha 
ayatea  are  reported  bare,  aoc  only  for 
their  hlatorlal  Interest,  but  alao  bacauaa 
they  illuaCrate  the  application  of  digital 
Instrumentation  techniques  to  a  rather  un- 
uaual  area  of  endeavor. 


In  practice,  the  control  coneole  le 
supervised  by  a  renotely  located  master 
program  timer.  In  reeponac  to  control 
slgnala  frum  this  unit,  tha  recording 
equipment  Is  automatically  activated.  Im¬ 
mediately  before  deConatlom  of  the  explo¬ 
sive  charge,  Che  high-speed  forward  tra¬ 
verse  of  the  tape  transport  is  Initiated. 
After  xero-cloe  signals  end  calibration 
information  for  Individual  channels  ara 
recorded,  all  Input  channels  ora  clearad 
to  record  outputs  of  the  analog  transducere 
eirployed  to  detect  the  bleat  effects.  After 
the  ahot,  the  high-speed  forward  traverse 
of  the  magnetic  tape  if  halted,  and  control 
of  the  sysCam  la  returned  to  the  Iccel  op- 
creCor  by  the  master  program  timer. 

At  the  discretion  of  the  local  opera¬ 
tor,  Che  playback  circuits  arc  then  acti¬ 
vated  and  the  magnetic  tepa  played  beck. 


Beceuae  of  acntlmcmcal  attar haaint  Co 
tha  aystco  by  the  autbocs  end  their  super¬ 
vision,  the  device  was  mat  eimalgned  to 
aalvaga--tha  usual  practlca--buC  baa 
rather  been  retained  nlmeat  Intact  on  a 
standby  baala.  It  la  mom  naod  as  a  train¬ 
ing  aid  to  Instruct  atm  ptmaooncl  la  tha 
principles  of  digital  Inatriiutatlon. 
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Ibis  papar  deaerlkaB  a  data  ac^Ultloa  »7«- 
taa  for  a  atatie  taat  ea^aa  baUtf  daalpiad  aod 
built  at  Uw  O.  S.  Bawl  flidaiiirt  %at  Htatloa. 
China  Uka,  CaiUttnOa.  «■  ayatca  caa  aaaaura 
pheacaeoa  froa  nictet  aatiira  haTlnc  an  avara^ 
thruat  of  1,000.000  pmaida  and  a  peak  thruat  of 
10,000,000  poun^.  Sm  data  acaauroaeot  caparltp 
la  200  chanwila. 

The  teat  coaplea  la  Aaal^ied  to  ha  a  rn- 
aearch  ami  itevc  lopaeatal  tool  rather  than  a  pro* 
ducttoo-tcatlae  facility,  with  eaphaals  on  flcxt- 
htllt;  In  acc«>latlo(  aaa  taat  prosraaa  together 
with  case  ai^  alalaia  eaat  of  operatloo.  ka  auch 
a  tool  It  la  used  to  taat  uft  coapooenta  and 
■ethoda  and  to  advaaea  tba  atata  of  the  art. 

Olacuaaloa  la  toacnad rated  oo  the  technique 
of  data  handling  and  anaiariainta,  real  ttaa 
digitization,  antoaaUe  callhrattoo  and  stored 
prograa  data  cootral. 

Included  will  be  a  deacrtptlcn  of  a  new 
aeatpllhg  technique  for  cOMtatlng  aultiple  data 
chanmla.  The  aaapliag  feraat  la  progra^le  and 
can  be  altered  dnrli^  a  teat  aecnrdteg  to  ezlatlog 
coodltlooa. 


UTMWCTBM 

A  new  teat  faeUl^  with  auVaaatlc  data 
baadling  capabllltlea  la  now  being  built  at  tfaa 
U.  S.  Ka<nal  Ordnanoa  But  Otatlon  for  atatle  tetta 
of  large  propulaloa  epatcLa  ca;ahla  of  thruata  of 
a  Billlloa  pounda  or  aora.  PrellaiDary  lajrrmt  and 
ayatea  deaigoa  wera  begat  eai  and  om-balf  yeara 
ago,  and  the  cODatrartloa  of  aajor  accents  baa 
been  coapletad* 

Tfaa  detlgn  of  the  teat  facility  repreaenta  a 
teSB  effort  oo  Ua  part  of  data- bnadl log  gmupa, 
propuleloo  eogloeera,  teat  and  eraluatloo  people, 
and  deal^  anglneera  aha  hare  tried  to  approach  an 
cloaely  aa  poialbla  tba  Ideal  ayates- - frtei  alaalla 
baodlligi  to  final  priatad  data. 

Tfaa  plant  Is  dct'esaid  not  to  be  a  routloa  or 
pmluctloo  testing  facUltj  but  rather  a  reaeareb 
and  derelopaental  tool  Cnr  aatrantlag  a  anxlaua 
anuont  of  aeanlngmi  data  fro  a  alolaua  aaount  of 
teat  effort,  la  line  with  tbla  ala,  flczlbllily  la 
ona  of  tbe  key  Iteaa  befam  locorporated  in  tba 
ayatea,  ao  that  new  tert  prograaa  can  be  cooducted 
with  al'^laua  raetrletlrwa,  downtlae,  and  co«t. 


TPT  STMB8  PM  IPTOII  USTIIO 

Tba  facility  wUl  bera  two  air- eoof  ttlooad 
baya,  aa^  eotalaing  a  test  ataud.  tba  baiya  caa 
aaally  ai  i  itiiliti  aerton  ala  faat  la  dlaaater  and 
fact  la  langth;  each  teat  ataad  caa  handle 
aearaga  thruata  of  oo  allllM  pounds  and  peak 
thruata  of  Uo  alllloa  pooda.  law  approeebea  to 
foron  aaaaurconta  and  artmctural  dasl0>  wars  tm- 
bodlcd  lo  the  cooatmctloa  of  tha  teat  stands. 
Loading  coodltlooa  that  any  affect  the  ttande  ware 
alaoleted  on  the  Statloa's  MEAC  eoaleg  eoeputer  to 
check  tfaeoretleal  factors.  Veatuma  for  alji  eoa- 
poQuata  of  forca  and  Inetaotaaeoua  weight  ■aaaurs-' 
aeota  wars  tacludad. 

Tfaa  ftrat  ataad,  which  has  been  coapleted  aod 
la  now  la  operation,  la  of  tha  horltootaLl  type. 
Cooatruetloo  of  tha  aa zoart  ataad  will  ba  itarted 
this  ai^Ber.  Ifalt  stand  will  haia  a  aovahla 
thruat  block  to  allow  for  both  horizontal  and  ear- 
tlcal  capahllltlet.  Hotora  to  be  tested  era  of 
the  solid -propel lent  type.  Bandltng  of  liquid 
hybrid  propallente  la  Included  in  future  capaaaloa 
pleas. 


aAtA.BMni.BW  wti/Mom 

T3>a  aaihod  of  data  handling  depeode  upon  the 
tent  purpose.  Bor  data  designed  to  aeaauie  the 
parsksetera  of  a  aotor  and  to  proeide  for  parfono' 
ance  evaluation,  Dl(h  accuracy  la  required  and  le 
typically  Halted  to  relatively  low  frequcacles. 
The  prlaary  data  for  each  ^arforoaoce  C'^uatloos 
la  the  thruat- VI -tine  eeaaureaenta,  total  lapulao 
aod  specific  iapulae  being  the  two  aost  laportant 
pareaeters  The  various  types  of  data  are  pro¬ 
cessed  to  give  these  teo  px-.^twra  the  aavlaai 
dejree  of  accuracy  aod  coafldence  attalaabla  with- 
lo  tha  preacat  atata  of  tba  art. 

Thus  the  basic  data  requinaente  ara  quits 
alapla  (thruat  and  spec Ifle  isqwlae)  but,  la  ordsr 
to  provida  the  hiatory  for  daalga  cons  Ide  rat  lone 
aod  ervaluatloB  of  coagvmnts  aod  asterlals  of  a 
lautor  and  alar  to  provide  lndepeud<  rt  neasuiea  of 
tba  various  latamal  bolllatlea  paraaetars,  othar 
data  ara  Taq>ilred.  Phasnrae  of  pistaurc,  taapara- 
tara,  atresa,  aceslaratloa,  welgot  or  aass  chugs, 
va  tlm  are  Deeded  to  laeure  that  the  deelgn  goala 
caa  ba  raprodacad. 

All  of  the  data  acquired  and  pnxaeaed  la 
asad  to  calculata  tka  basic  paraaatere  and  to 
avaluate  the  aotev  under  different  cooditloee. 
SlBoa  the  data  sctpilTad  froa  test  to  teat  forae  a 


hlBtoiy  of  fzpecM  perfor_^>c«  and  Mlf^iaetlofM 
la  (caanU.  trt  •  dcTlkt'oa  fraa  tta  ooraal.  Buck 
of  tbe  data  ecq^trud  It  UMd  oaXj  In  ttan  nmit  of 
a  aalfuactloo.  nereforn  tlM  data  acqulaltloa  aad 
proctttlag  t/Btca  autt  prorlda  a  aataa  of  icaaalas 
vaat  aaouota  of  data  and  tortloc  out  only  tbat 
part  vbleb  It  parttatnl  to  tftt  panaatar  balac 
atudlad. 


ovpiAU.  3TSHW  peacBiynDi 

fl4Sua  I  It  a  block  dltcraa  of  tht  otaiall 
ayttea.  Ovar  2C'<  traiuducar  chaanalt  read  froa 
the  Botor  In  the  t«tt  ttand  into  tht  patching  mrt- 
work  la  tha  tcraloal  building  next  to  the  bap. 
froa  tbera  they  cou.act  through  land  llntt  In  aa 
800  fool  long  underground  tunnel  Into  another 
patching  network  In  the  Inttnaentatlon  building. 
The  llnct  have  100>(  thleldlng  to  allalnata  oolea 
and  croiitalk.  t.  tlallar  arrangaaeat  will  aleo 
feed  lloet  froa  the  tecood  tett  bay  Into  tha  la 
ttruientatloo  building.  The  data  ehannela  are 
divided  Id  dirrereot  aodei  of  recording  depending 
on  t>-«  rroquenclet  carried  oo  any  particular  chaa- 
nel  and  tba  accuraclct  to  ba  acbteved,  (gilck-look 
recording  egulpaent  provldei  a  direct  lodlcatloa 
of  a  telecbed  nuabar  of  cbannelt  during  the  tett. 
W.iebtnd  tlgn&ii  art  recorded  la  nt  record  aoda. 


Hrdliat  tad  loa  frtgatnrl-.i.  tr^l  recorded  aa  a  coa- 
poatta  of  ttaaktrd  ThlO  baolt  la  dtracVracord 
■odt.  Tha  Bora  critical  functlooa  are  procataad 
through  a  digital  data  piocaator  la  real  tlaa  for 
the  datantloatloa  of  high* accuracy  data,  fat 
digital  data  proeeetor  U  rtatrleUd  to  daallag 
with  low  fregutarlca  becauta  of  tha  llaltod 
aMpllag  rata  achlcvabla.  In  tht  avtat  of  aal. 
fkaetloo  of  tht  digital  rtcoralng  tht  datu  It  nod 
lott;  It  caa  bt  reeoverad  froa  tht  aedtoi  fre> 
vatney  data  by  playback  of  tha  analog  recording 
late  the  digital  data  procettor.  Aa  DM  709 
piiter  la  uaad  to  reduce  toe  data. 

All  tha  egfulpatat  (aaeept  the  DM  709  eoa* 
putar)  la  located  la  tht  Inttnatatatloo  building 
to  allow  laat-Blaata  tccetalblllty,  allalnatloa 
of  duplicate  teralnal  aqulpeeat  for  tha  two  baya, 
aad  to  iDBura  ita  turvlvml  la  tba  event  of  teat- 
hay  dtatructloa  due  to  aotor  explotloa. 


hTsTtM  rsAnras 


Tnatdueert 


Iht  ultleate  llntt  oo  tba  neaturttaate  Hat 
In  the  prectiloo  of  tba  pfaytlctl  tenting  tltBtntt, 
atBtly  tht  tranohicert.  TD  Intura  tba  blghatt 
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fig.  1.  tata  ae^pilattloa  mad  ttoragt 
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pMslbl*  pracltlOQ  •  Bodara  oBltkrmbleo  l^raterr 
1«  ioel'jdad  la  t)»  fKlllty.  Uborator/  v^liaMtt 
ijKtudaa  ihock  tuba*  Tor  i<yr—lc  aallbnlloD  aad 
(w:h  tUndai-a  Item  tor  static  eallbrstlaa  aa 
dead>val(ht  tastaara. 

In  the  test  crea,  for  flaal  ayatca  reodlecsa 
datcralutlua,  an  ll-polnt  «';<!Uca  callbrattoa  U 
aala  autcantlcall^r  to  check  out  the  a^liaaat  In 
the  Instnaseotatloo  butUInf.  *  dalta-R  cal  tbra- 
tton  Is  also  eade  to  check  cat  tha  o^rall  syatca, 
including  land  lines  and  tha  traaaAaeer  signal 
outputs.  This  delta'll  callbratlaa  la  part  of  an 
B-wira  traosdurar  hoatup  STstca  Other  features 
of  the  B-vlre  systea  Include  sere  adjust  and  bias 
offset.  Ihe  sero  adjust  takaa  cars  of  drift;  bias 
offset  slloos  selection  of  the  djaeate  rsoge  for  a 
p*rt*.culiu'  •ppliCAtloiCk. 

becausa  of  the  BOO-foot  length  of  the  llnaa 
fro*  the  test  stand  to  the  Instrueeutatioa  build¬ 
ing.  a  direct  currant  aethed  of  axcltiiuc  tha 
transducers  Is  used-  The  DC  aethod  avoid',  soae  of 
the  difficulties  Involved  In  aslag  an  *C  carrier 
syaten,  such  as  those  due  to  cnpacitanee  (n  the 
transslisloB  line  and  the  llssltcd  aecujacjr  of  AC 
egulpaent. 

Patching 

Because  there  are  tvo  test  baya,  the  data- 
acquisition  systea  Is  aet  up  so  that  the  Instm- 
aeotatlco  equlpacnt  for  the  ?00  channels  can  be 
cvltched  froa  one  bay  to  another  with  atntsMn 
domtlne.  Cables  frtai  both  test  hays  arc  brought 
up  to  the  InstruBcotatloo  building  and  are  cca- 
cected  to  taper  pin  blocks.  Pnon  this,  they  are 
connected  to  a  aaster  peitehbaaid.  tff  ebangtog  the 
rntchhoerd,  the  eoacaon  loeUtaentatton  equlpaeot 
IS  auioeatlcally  switched,  fc  downtlae  It  oncas- 
aary  nor  is  there  aqy  Interfercace  with  the  ord- 
naoce  work  ertv.  In  fact,  two  test  firings  of 
large  actors  within  aloutes  of  each  other  are 
poselhle  nod  practical.  That  la  to  aay,  once  Um 
electronic  equlfSKot  is  set  up  sod  calibrated,  It 
aakes  no  difference  which  tajr  the  data  Is  ccalng 
froa.  Suhpatchlng  la  used  to  segregate  aajor 
equipment,  such  as  tape  recorders,  aapllflers, 
calibration  equlpaent  and  the  digital  data  procea- 
aor-  Tbla  feature  allowe  iodepeodent  aalnteoance 
and  avallaLUlty  of  the  equl^at. 

aigaal  Ccodltlonlog 

SigTVil  conditioning  cqultmeut  conslata  aatnly 
of  Inatnzsentatloo-type  DC  smpllflara  and  filters. 
The  selection  of  the  aapllflers  la  aade  for  high 
coaaon  node  rejectloo  or  vldebaad  signal  rcqulra- 
Bcnts.  The  choice  of  the  flltera  le  based  not 
only  on  the  latelligencc  frequency,  hut  also  oa 
the  saapllng  rata. 

Quick -took  Recording 

forty-two  channels  are  available  for  a  direct 
write  quick-look  presentation  of  frequencies  up  to 
^,000  cycles.  The  pat'hliig  allows  a  qilck  look  of 
srqr  other  desired  channels  uo  playback  aftar  a 
firing. 


Analog  tbps  Hseerdara 

negafdlaas  of  tha  nods  of  prasuBtatioa  or 
convaratcB,  all  data  ehansMla  ars  racerdsd  ea 
Battle  rigors  2  abowa  a  typical  naslog 

taps  rwcordiag  chaaoel.  for  low  frayaaoy 
recording  IPlO-atanilard  aultlplaslag  teebal^iaa 
are  used,  fhr  high  frequency  data  wideband 
slngla-cbannal  recording  la  used.  Itaa  inalog 
racordli^  can  ba  played  back  Into  the  digital 
data  processor  n>r  digitising  blgh-fbequeacy 
data,  tlae-basa  espanstoo  taebniquas  ars  applied. 

Digital  Data  froceaaor 

The  digital  data  proeeaaor  dlgltltaa  data  la 
real  tlae  to  bypass  Inaccnractss  caused  by  aodalae 
tlon  arsd  descdulatlon  operations,  and  cooeerta 
tha  data  Into  the  proper  foraat  for  entry  Into 
the  UM  7D9  It  la  also  used  for  annltoring  eod 
control  pupoaaa 

The  digital  data  processor  la  a  ccapletaly 
transistorised  unit.  An  overall  block  dlagrsB  la 
shown  In  figure  3  Scae  of  Ita  fUisetlooal 
features  will  now  he  described. 

1.  Tbe  Ctaewutator.  Tha  eesautator  can 
select  up  to  12U  channels.  Cbannel  sslsctloa  Is 
Bade  by  stored-progras  ccaaand.  Thus  saapllng 
rate  and  saapllng  fomnt  can  be  varied  to  suit 
test  requlrcaenta.  Seaplea  are  taken  at  a  rata 
of  12, 300  per  aecood. 

2  The  Saaple  a^  Hold  Dhlt.  As  shown  In 
fig.  3,  a  saaplc  and  holii  unit  Is  employed.  This 
unit  stores  tlx  ssaplel  Input  voltage  during 
analog. to-dlgltal  cooveraloo  lUa  to  alnlslM 
errors. 

3.  Analog. to. Digital  Converter.  Data  words 
are  converted  12  bits  at  a  tiae  and  accuaulated 
Into  a  2k.blt  shift  register. 

h.  ferrite  Pore  Wenory.  the  2h-blt  words 
sre  fed  In  psirallel  Into  e  20hB.vord  ferrito  core 
aeaory. 

3-  Ic-Outtpait  Buffer.  Tbe  lo-output  buffer 
It  used  tb  storc  cacb  2l(Tblt  word  and  then  shift 
It  in  yS  us  liitcrvals,  6  bite  et  a  tine.  In  the 
tape-write  circuitry  for  the  digital  tape  aarhlne. 

6.  Tbpe  Machine.  Tbpe-anchlne  feeturee  In¬ 
clude  B  tape  speed  of  130  Inches  per  second  end  a 
hit  density  of  200  blU  per  loch. 

7-  flcaowTlter.  A  flerowrlter  Is  used  as  aa 
In-and  output-UevIce  for  systea  checkout. 

8.  Chxd  liefer.  A  phcto-sleetrle  card 
reader  Is'used  along  with  a  tape  flla  to  provide 
a  quick  prograa  rand- la  for  ths  digital  data 
procetsor. 

9-  central  Oootrcl.  Tim  central  control 
unit  Initiates  find  controls  the  proper  action  fOc 
tbe  various  psirta  of  tbe  digital  data  proeeaaor. 
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10.  Ifcawal  CbBtrol.  &•  wwl  eoaUrol  unit 
frovidM  •  Blacl*  loainictlM  nod*,  wltteut  iattr^ 
farlag  «ltk  the  r«(alar  prams. 

11.  Wmery  Oantral-  Vs  ■muij-eontroT  mtt 
prOTldai  tfi*  peeper  mtmoiy  eccei*  •ceordlag  to  • 
mll'deflaod  priori^  vatm. 

Par  the  future,  <Ute-haadlioc  oq^pueat  tor 
•leroMaea  traoiulMloa  la  beli«  planaed  to  eoo- 
naet  the  teat  facltltp  dlractljr  to  the  UM  709 
for  raal-tlas  ■oeltorloc  and  eoaputtog  duriag  a 
teat  flriog.  Uao  tha  digital  data  proctaaor  li 
halog  couldared  at  aupport  for  other  eealuattoo 
and  pleat  proeata  data  haadllng  pnAlaaa. 


limaait.  iMiaisatal  eaaalraetloa  tech 
ae«  haiag  uati  to  gala  raluahle  ie;ei  laana 
the  Canute  vatea  la  final  taed. 


OOlCUBla 

d  aiw  teat  faellltp  «nth  autoastle  data. 
baodliat  e^uliseat  la  halag  built  to  aeeoaodate 
the  teatlag,  develoimat,  aad  eealuatloe  of  lorm 
rocket  aotora.  Koraal  thruata  at  one  alllloa 
pounda  caa  eaallp  be  haadlad.  Iba  Uvatnaentatloa 
*111  hart  a  da  la -hard  ling  eapahllltp  of  200  ;baa- 
aela  with  real-tine  dlgltitatloo  of  120  chanocla- 
Ihla  data  apataa  laeorporatea  tha  lateat  techolguea 


Vs  avetas  dealer  phlleaophT  haa  been  tcnnfd 
flaslhUltir  elthout  loa*  la  aeeuraep  or  ralUi> 
hUttp.  tta  digital  proceatiog  aebam  la  ea»- 
plM,  iiisieial  to  ceeveatloml  data  acipilaltlaa 
sad  1ii*lf-g  apatem,  but  It  la  veraatlla, 
fallahle,  eel/  cootalaed,  eaap  to  aalntala,  md 
aiiaaadlally  flue  froa  hi  sen  aatup  ei'imra. 

aeerall  apatea  la  this  dealffMd  to  amt 
Ite  alaedas  aa  aa  eaperiaantal  aad  davalopaeutal 
tool  ahdlo  aduaoelag  the  data  aetptlaltlaa  atatd 
or  the  aah. 


AogaouLgiiogW 

dlthaa^  thla  project  ha*  boea  a  teas  effort 
aa  tlM  part  at  too  great  a  auaber  of  people  ta 
alagle  oat  ladlvldual  naaea,  apeclal  reco^Utlaa 
afaould  he  aade  of  the  cootrlbutloas  of  the 
niipillalna  SUaelopaeat  ead  Ibat  Dapartaeate  of 
the  g.  S.  Mnal  Ordaeaee  Ibat  StatUi*' 
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ABSTRACT 

Th«  mithooa  used  la  procssslng  UUOf 
(UUr  Oopplsr)  dais  si  the  AUaotic  MtssUa 
Rso^s  art  outUoM. 

A.  INTRODUenON 

UIX>P  Is  s  continuous  wsrs  slsctroalc 
trsektog  system  wbleta  uUUiss  tbs  tntsgrstsd 
dopplsr  street  to  oblsto  rsngs  sum  or  rsngo 
dltrersnce  msssuremsats.  Tbs  system  «us 
UnplemenUd  st  the  Atlsatlc  Missile  iUngs  Iqr 
ABMA  ss  so  Improvsd  UHP  version  of  tbs 
esrllcr  OCVAP  system.  The  stntloa  geome¬ 
try  consists  of  two  indepenoeot  orrsys.  One 
srrsy.  consisting  ot  seven  receivers  and  a 
trsnsmiltcr  within  o  twenty  mite  radius  of 
Cspe  Consveralv  furnishes  date  from  Uft-off 
through  mldcourse.  Another  array*  consisting 
of  four  receivers  and  a  tronsmtlter  within  > 
twenty  mile  rsdiue  of  Carter  Coy.  furnishes 
terminal  trajectory  data.  The  doppler  data 
generated  at  each  receiver  arc  transmitted  by 
cable  or  by  on  HP  link  to  s  recording  site 
centrally  located  within  each  array.  At  the 
present  time  no  digitisation  of  tiOOP  data 
takes  place  during  s  flight  oU  data  reducUob 
being  undertaken  efter  a  test  from  magnetic 
tope  recordings. 

B.  digitization  op  udop  analogue  data 

The  limiting  factor  to  the  development  of 
UOOP  date  proceeslRg  techniques  bss  bees 
the  wide  range  of  doppler  frequencies  so- 
countersd.  Ths  use  of  a  trsnsmltted  refer¬ 
ence  frequency  lo  the  neighborhood  of  4M 
megecycles  with  s  return  frequency  to  the 
neighborhood  of  SCO  raegscyclce  bee  resulted 
la  doppler  frequencies  greater  then  35  kilo¬ 
cycles  st  on  IKBM  burnout.  Such  frequencies 
are  far  beyond  the  copablUttes  of  the  opto- 
eleclro-mcchonlcal  devices  employed  la  ths 
DOVAP  reduction.  In  order  to  obtain  velodly 
components  with  a  random  error  of  less  than 
one  foot  per  second  throughout  (be  burning 
period  end  beyoml  11  Is  Dcceassry  to  meoaum 
each  total  doppler  count  with  a  random  error 
of  less  than  0.1  cycle.  These  aecuradcs 
have  been  attained  at  AMR  with  the  use  of 
DARE  (Oepp^r  Automatic  Reduetton  Equip¬ 
ment). 


UAMC  wna  daslgned  to  coumj-t  onslogun  oats 
og  form  (doppler  cyeloa^  squor*  sroew^ 

oowtasih  waves,  etc.)  Into  dlgltlaed  sccumulo- 
ted  ^sln  counts.  In  order  to  ncccmpUsta  thi^ 
DARE  porforros  tbs  follo«lia«  opcrnUoooi 

lei  k  counts  tbe  total  number  of  poaltlvs 

esoosovera  (M  )  tram  tbo  bcglnnlna  ft 
c 

n  dots  run. 

M  k  reads  iOO-PPS  coded  timing,  dlgltl- 
aliig  tbe  time  (t)  at  cads  Umlng  pulse. 

W  It  counts  tbe  number  ot  20-mlcrosee- 
noo  pulses  (n)  occurring  betwsen  each 
positive  crossover.  Those  pulses  srs 
penerstsd  by  s  50  KC  clock.  This  num- 
fasr  Is  stored  while  the  p<jlsas  In  tbs 
following  cycle  ore  beliig  counted. 

M  It  reads  out  t.  N  .  n  and  tbs  number 
c 

of  20-mlcrasecoad  pulses  (An)  occur¬ 
ring  between  the  dme  of  tbs  lost  post- 
ttve  crossover  sod  tbe  readout  Urns. 

The  total  cycle  count  may  be  computed 
fram  tbe  above  information  ae  follows: 

B.1  N.  .  N„  -  !(_♦  (An/n) 
ten 

where  N  Is  tbe  Initial  corrseted 
count.  * 

fhs  tqrtprocnt  la  capobls  of  up  to  ftPy  rsod- 
outs  per  second.  Greater  precision  In  tbs 
cycle  counting  may  be  attained  at  high  frequen¬ 
cies  hy  ploying  Ibe  soologue  dots  through  DARE 
d  half  or  quarter  speed.  Tho  slower  playback 
apeeds  reduce  Ibe  effective  Umc  betwesa 
pulaee  from  twenty  microseconds  down  to  ten 
nnd  Ove  rolcroseconde,  thus  Increasing  tbe 
imsiber  of  pulses  within  each  cycle.  The  se- 
c«raa7  of  equation  (B.l)  con  nlM  be  Improved 
by  esmpnUog  tbe  period  of  tbe  previous  cycle 
frcBS  ks  cycle  count  over  tbo  prcvlouD  time 
totcml.  by  correettog  for  equipment  delay, 
and  by  modify  lug  A  n  by  s  function  of  tbs  dlfr 
fcrence  between  tbe  counted  cycle  length  and 
tbs  enmputsd  cycle  length.  A  most  voluabln 
ccsBpeaent  of  DARE  Is  Its  tracking  filter,  or 
ti  srting  oscUlstor.  Ths  oectUetor  la  pbase- 
locksd  with  ths  basic  frequency  on  tbe  doppler 
recess  it  remslne  phase-locked  ss  long  so 
lbs  bnntc  frequency  exietn  among  the  nolee  on 
the  record.  If  Uie  dcppler  frequency  Is  not 
~hiri|1ng  rapidly.  It  is  poseible  to  track 
tbreegh  short  dropouts,  slace  ths  Irecklng 
oeetDator  tends  to  remain  at  the  some 
fraqfeency  that  existed  before  the 


«r«poat,  Fr«<)u«nci«a  >•  low  teo  cgrcla* 
per  aecoiMl  majr  be  trackeo.  Beceuee  the 
trackUf  oeeUUtor  output  le  slw«jre  clauv  the 
poeetbUlly  of  obt«lntiv(  falee  couota  due  to 
■oUe  spikes  on  tbs  raw  data  is  cUr^laated. 

C.  PaOC£S3Na  of  tue  ucitizel  oata 
After  belo^  dlglUsedi  each  statloa’s  circle 
cant  te  sufamttleo  to  the  709  Cemputer  for 
<Utcreacli>(  sod  coUatli>(.  Flrs^  aecond  and 
third  differences  are  cofnputc<^  and  data  froea 
op  to  firiecQ  sUltons  are  collated  on  one  tape. 
The  dt/ferences  are  scanned  for  possible  dl- 
glUslng  errors  before  the  collated  data  are  auh' 
mltted  to  the  computer  for  a  position  run.  If 
the  cycle  count  differences  Indicate  errors  la 
the  dlglUsaUoq,  these  may  be  corrected  either 
^  following  the  trend  of  the  dlffcrcncea  oa 
cither  sloe  of  the  questtonable  area  or  Iqr  flt- 
Uag  a  poljmocalal  to  valid  first  differences  la 
the  neighborhood  of  the  erroneous  data.  The 
total  cycle  count  correction  should  be  an  Inte¬ 
gral  multiple  of  half  cyclee.  The  decree  and 
apread  of  the  chosen  polynomial  Is  s  function 
of  the  forces  acting  on  the  missile.  A  higher 
decree  polynomial  Is  required  during  the  bura- 
Ina  period  than  during  ballistic  flight.  Noisy 
areas  as  long  as  fifteen  seconds  In  auralloo 
can  be  reduced  sallsfsctorlly  If  Intermlttcot 
Valid  first  differences  are  avallsbtc. 

At  the  preeent  time,  no  ssUafsetory  methods 
estst  for  the  electronic  dlgltltatioo  uf  uoppler 
data  during  the  first  few  seconds  of  flight. 
‘These  early  cycles  must  be  read  manually 
froct  an  oscillograph  recording.  On  every 
UOOP  trajectory  reduced  so  far.  it  has  bcca 
possible  to  begin  the  reduction  at  Un-off. 
cemputing  the  initial  const'inta  from  survey 
data.  However,  If  the  data  quality  haa  bcca 
poor  during  the  early  portion  of  a  flight,  theo¬ 
dolite  positions  translated  to  the  b  UOP  track- 
log  point  have  been  used  to  ‘‘Us  In'*  the 
trajectory  and  improve  the  subsequent  data. 
Normally,  the  reduction  la  begun  at  launch 
using  data  from  sites  near  the  launching  srsa. 
Due  to  limitations  In  the  present  recording 
equipment,  dais  from  the  outlying  sites  arc  not 
brought  Into  the  solution  until  their  doppler 
frcqiisociss  reach  about  one  kilocycle. 

The  extent  of  coverage  la  dependent  upon  rev- 
ersl  factors,  Ihs  design  of  the  missile's  trans- 
pooder  and  antc.iiia  being  the  moat  Important. 
After  all  errors  In  the  dlgltlxlng  process  have 
beea  determiners  the  collated  cycle  counts  are 
Submitted  to  the  comouter  with  the  corresoon- 
chng  station  constants  and  correcUon  data. 


Certain  hmtta  niw  plaosd  opoa  Um  aia«  ef 
the  residunln  sad  Um  m—har  «f  ttarsttena  Ip 
ha  allowed  !•  order  te  Uaesre  thad  oe  eeaspeter 
Hme'  Is  wnoied  oa  arrosapoap  eampatattaao. 


Dl  EVAL.0AT10M  OF 'THE  POCRIOH  GUITA 
After  the  poetttoa  rmm  U  riwsfleliA  U  te 
pvaluatad  is  several  waya.  FlroS  tta  rspollp 
ere  cempared  pgalnet  check  paIMP  which  hates 
heea  eomputod  prior  to  the  raw  olther  hy  head 
or  oa  a  short  pass  through  the  eompoter.  The 
rnuults  are  alaa  compared  -g-*-- *  date  fttaa 
ether  eysteme.  The  restdoals  Isbeerved  shlBBa 
computed  aaeasaremcade)  era  checked  tho¬ 
roughly.  U  the  realduBlp  are  large  or  ehsw 
euddea  Jump^  the  rcnaoaa  are  loveatlgated. 

The  computed  trajectory  le  eleo  atudled  tar 
dlsconUoulUea.  If  anomaUes  are  toond  which 
are  due  to  errors  In  the  Ixpat  datsg  —-**-*■■ 
computer  run  ta  made  with  htrlher  correc¬ 
tions.  Five  ^rpes  of  evslusMows  are  lesaed 
with  the  published  dntSL  Obc  Is  a  gaoaral 
etatement  oo  date  coverage  sad  quallly  as 
determined  hy  ahaerviag  the  raw  data  oa  no 
oaclUoscope  and  by  obeervtng  the  cycle  ooaot 
differences.  Tbs  secood  la  aa  esttmata  of  the 
random  errors  la  the  qycla  cooot  data  as  com¬ 
puted  by  a  vartalc  dtaercaclng  meUaxL  Tbs 
third  Is  an  estimsta  of  the  lotcrsLal  conota- 
tcncy  of  the  data  aa  tocMcatcd  ty  the  rcaldaala. 
The  fourth  and  fUlh  are  the  aflecia  of  the 
eutUnated  raacrom  and  gy slant Ulc  crroie  oa 
the  position  data  as  Indicated  by  the  vartance- 
covariance  matrix. 

E.  THE  DOPin.£ll  EFFECT  AS  AFPUEU 
TO  UIXJP 


f  s  the  transmitted  rcfercoce  freqaeaqy 
^t  a  the  radial  atstance  from  the  trano- 
mtttlag  antenaa  to  the  tran^ioodar 
anteooa  at  time  I 

''ll  w  the  radial  dlataace  from  the  Ith 

receiving  antenaa  to  the  transpoodcr 
anteooa  at  Ume  t 

C|  a  the  unbIcot  velocity  of  propagatloa 
at  the  transponder  antenna  at  time  t 

Then,  Ignoring  Ihe  rclaUvIeUc  time  dUattoeg 
which  can  be  shown  to  be  leas  than  the  ran¬ 
dom  error  of  measurement  at  velocities  up  to 
escape  vclodiy.  we  have  c^/f  as  the  dlstMCe 

between  wave  fronts  traveltog  past  the  trans¬ 
ponder  antenaa.  However,  the  aismber  of  wave 
fronte  octccted  by  the  tran^>oader  will  be  de- 
creaeea  by  the  factor  (r^T/Cf)  due  to  the 


p  •. 


•  • 


I 


r*»  mavnncAt  tbrou^  tlM  wave 
*•  thug  have 


SJk  f-r  .  f  :  t 

,tc^ 


(^) 


as  Ike  trequaocj  received  at  the  tranapooMr. 
TUU  fvequcocy  la  ooubled  In  tha  tranajioodar. 
The  pailoaT.  of  tba  ratranamlttao  atgoal  wtU 
Ihea  be  aa  fcOlowa: 


EJ  T. 


2t 


The  wavalen«Ui  of  the  ratranamlttaa  algoal  wUl 
be  Th»|[i1rrt  In  tha  chracUon  of  the  receiver  bf 
the  factor  r,,'^,-  Ttia  o**  wavelenj-lh  aV^  wUl 

thee  ha  aa  foU^wi: 


EJ  > 


It 


‘s*  ^t» 


ana  tha  rctrancmtttad  frcquenc/  wlU 


ba 

Thla  fraque^j*  * 

la  received  at  the  ground  and  mixed 
with  2C  ^ivtnc  tha  aoppler  fraquencor 


Tba  rate  of  change  of  the  rant;e  auoi, 


The  above  derivation  conalderc  onljr  tha  cffecta 
of  ndal  movement  awajr  from  the  atatloaa. 
There  la  alao  a  ariri  la  phaac  due  to  raovemaot 
Dora  i  to  the  ran^a  vectora  aa  deaerthea  la 
re/eri-nce  (2).  The  error  factor  r^^ 

be  Uriely  corrected  If  one  of  tha  recelvera 
Uea  acar  the  transmitter.  At  Krcat  olatancei^ 
the  lime  between  the  retranamlsalon  and  the 
reception  on  the  lirouna  sh'oul.;  alao  be  coo- 
sldered  during  the  Integration  df  the  dopplcr 
cflhe*. 


F.  AM  OUTUNE  OF  UOOP  MATHEMATICAL 
PBOCEOUABS 

Tha  aquatloas  of  condlttoa  for  tha  UOOP  qre- 
tem  take  tha  form  of  tha  general  aqueUeoe  of 
condlttoa  for  moat  coaHououa  wava  ajrateme. 
raarraogUie  atattoe  locattoaa,  aUmlnaUng  enart- 
oua  paramatare  mod  ciffarcncl%  ooc  aquatloa 
a^aloat  another  ooe  can  arrive  at  the  parttcu- 
Ur  aquaUooa  of  AZUSA.  COTAK.  SECOR.  RAT- 
U:>T.  .SUOOOP.  THIDOP  and  ma^T  other  Cdf 
apstams.  The  equattooa  of  conolUoa  fP.9)  that 
follow  arc  modlfieaUooa  of  aquation  (24)  od 
rafaraoea  (2>.  The  need  for  compuUog  tbo 
average  index  of  refracUon  la  eliminated  and 
tha  aquatlooa  are  placed  to  a  form  cammoo  to 
other  loatrumantatliMi  ajratema.  Tha  Diaaaured 
quantit/  (range  aum  or  range  idfraranca)  la 
placeo  on  one  atda  of  the  equation  oi  coodltloo 
and  Ita  functional  rcpraacntatlon  la  placed  on 
the  other  aloe.  Thla  almpUflaa  and  ahortena 
aucccadtog  opcraUooa.  Tha  refraction  eorree- 
ttooa  are  thoae  which  would  ba  applied  to  a 
•  angc  which  haa  been  coasputed  with  a  vacuum 
vetocttjr  of  propawaUon.  Vector  notatloa  la  used 
for  cQcupactiicaa. 

(s.7,a)  s  tha  potltloo  of  tba  mlsaUa 
at  time  t 

(k.7.s)  s  tha  poaltloo  of  tha  tranaatttar 

(x.7.s)  w  the  position  of  tha  Ith. 
receiver 

(x.j.s)  £  the  loltlal  poaltloo  of  the 
Dlsatla 

P  (x.7,x)  m  the  approximate  posltloa  of 
'*  tha  mtsalla 

•  the  vacuum  valocllp  of  pro- 
pagstloo 

s  the  transmitted  reference 
fraquanc/ 

:  the  number  of  aoppler  cpclaa 
generated  at  the  tth  stotton 
from  tha  Initial  lima  until 
Uma  t 

s  refraction  and  other  range 
corrections 

U  la  necaasar/  first  to  evaluate  the  doubled 
vacuum  wavelength  ( a  C/20. 

Tben  the  Initial  conotanta,  the  total  phase 
along  the  tranamlaalon  paths  at  the  Initial 

time,  are  evaluated.  Let  N  represcot  Um 
Ic 


C 

f 

Alt.  Axt 
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nuisbcr  of  wcva  fronto  oioiio  Um  traiusDlOfttoa 
path  at  tba  doublad  rafaranca  irequancj'.  ‘rboio 

r.i  X  t*.  *  h  ♦A  =1?  ■  ?  I 

o  Ic  ac  ie  I  tnc  al 

Tban  tha  cquatlona  of  coadlUoo  bacoma: 


Theta  aUnultaneoua  equattoca  can  ba  aolvcd 
czacU/  for  thraa  atatlooa  or  by  laaat  aquaraa 
tf  there  ta  radunoancy  of  data.  Tha  Uncarltad 
a<]uaUoaa  are  fonnad  by  ualod  tha  Uciaar  tana 
of  a  Taylor  axpantloo  about  an  approzUaata 
point.  Tba  cquatlona  for  tba  approxlmata  po- 
alttoo  are: 


Tbeo  tba  Uoearltad  equatioaa  bacoma 


V,.  ♦  W  .♦  Vo, 

It  to  to 


I  mt  o J 


vhara  la  a  correction  (tarmad  a 

retlduall  to  ba  datcnstned  U  tha  ran^ia 

•um.  The  correcUooa  )  to  ba 

mt  o 

applied  to  tha  approxlmata  potltloo  may 
now  ba  evaluated  by  mathoda  daacrtbad 
In  detail  la  refercocaa  U)  and  <3). 

Velocity  cemponenta  may  b*  avaluatad  etthar 
by  dtffcreaclDg  poalOoo  dat^  by  dlffcrcotla- 
Uog  a  polynomial  fitted  to  tha  poatUon  data 
or  by  aolvlng  three  or  more  total  oarlTatlva 
aqualloaa  for  r  ; 

F.a  u„  .  V- 

Hanga  differeact  aquatloae  may  be  formed  by 
dtffereaclag  the  range  ams  aquaOooa.  Let 

ba  tha  locatloo  of  a  maatar  dUfarendog  ata* 
tioo. 

Than  the  equaUsna  of  coodltloa  bacoma: 

F.7  ji :  X  (W..  •►If.  -  -  N  ) 

The  approxlmata  point  may  ba  determined 

by  aolvlDg  three  almultaoeoua  aquatlona  exact¬ 
ly.  Tbla  la  moat  eaaily  dooa  by  working  to  a 


coorolnata  ayatam  ralatta*  to  tfaa  traoMlttor. 


The  aquattons  oi  uuodlttOd  oow.booceoai 


U„. 


'f  -  ?  I 

■It  t 


Thaaa  aq^tlboa  mqy  bo  lliiaariso4  fay  aok" 
tractlng  1?^  J  from  both  aldaa  ood  oquartJv: 


Thu  raaultlog  aquaUooa  may  ba  aolead  tar 
?  by  mathoda  datallad  la  retaronea  Cl>. 


to  tha  caaa  wbaro  a  maotor  dUIaraoclog  ata- 
ttoo  le  uaad  la  a  range  sum-range  dlffaraoca 
aoluUoo,  toe  approxlniate  polot  ta  moat  aaally 
computed  to  a  coordlnata  ayatam  rclaUea  to 
the  maatar  atatioix  traattng  tba  tranamtttar 
aa  a  racalvar  ta  tha  aquaUooa. 


G.  POi;dBLE  IMPROVEMENT  >  Ut  THE  LOOP 

SYSTEM 

Two  of  the  greataal  advontagaa  of  the  UDOP 
ayatem  are  Ita  relatlva  simpUctly  and  Its  low 
cost.  The  chief  UahlUty  appears  to  be  ltd  falgh 
dapandencs  upoo  the  human  factor  during  data 
procceelng.  The  early  porttoo  of  tha  dopplar 
record  must  ba  read  manually,  and  a  large 
number  of  human  dedalona  must  ba  made  coo- 
cernlng  reduction  time  iotarvals  and  cycle 
count  corrections.  This  being  true,  moat  of 
the  poaalble  tmprovementa  to  tha  ayatam 
appear  to  Ua  In  the  field  of  cnglnaarlng  doatgB 
rather  than  In  data  processing.  Tba  posalbla 
engineering  Improvementa  Includa  the  foUowlag: 

(a)  tha  uaa  of  phase-locked  racatelag 
equipment 

(b)  ihglUxaUoa  at  tho  recatelng  altaa 

(c)  the  use  of  a  VEF  rafaranca  signal 
to  cnabla  tha  extensfoo  of  baneUnes 

(d)  Increastog  tha  SOKC  clock  frtqnency 
to  200  KC  or  higher 

la)  the  use  of  an  offset  frequaocy  to 
enable  automattc  reducUoan  through 
null* 

(f)  the  recording  of  beat  frequency  data 
during  a  teal 

(g)  tha  uaa  of  a  higher  retaronea 
frequency 

11  tha  use  of  a  VI>F  refercnco  should  proae 
pracUcable  and  If  tha  praaant  praddoo  of 
maafurement  were  malotalneiX  H  would  be 
possible  to  measure  tha  velodly  of  an  earth 
satcUlla  to  ao  accuracy  of  batter  than  ooa 


^'.<1 


toot  ptr  mtcoM  at  maj  pot^  la  Ika  apaal 
orMt.  Tte  axUooaa  ^aaHaaa  anala  alao  aUa- 
Inata  tka  aaa«  for  contlaiwiaa  aotaUlUoa  of 
data  {raaa  ltft-«lf  aaa  ar«ul«  aDaat  OOOP  data 
ta  ba  aaad  for  tlM  gaoaattc  paaMaataf  of 
roaoU  aatteoa  Tba  poattloalag  coatd  ba  dooa 
woct  aoearaU^  tX  data  fron  a  vtda  aarlo^ 
oC  tra)actort«a  vara  arailabla.  Tba  aquattoaa 
ta  ba  aolvad  for  (a.r.alL  aalok  <>>•  aoaaao- 
ciatara  of  aactloa  P  aoxld  ba: 

°*»  «"tt  '  "lc»^  ^1  *  -  \c 

at  X  me  a 

P  -  ^  ^ 

Bit  i  me  I 


whan  04., 


V** 


Advaatoi#  tl)  to  traa  baoaaaa  waaaaAalod 
arrors  ta  tfao  raat*  *  >»  *^0^  ora  hayai^ 
ramoaad  ta  ttao  dUfv  .a<sta|  prooaaa.  IMa 
wlU  alao  alltnr  tba  aqoattoaa  of  coaMBaa  b 
ba  wolfUad  bgr  tba  aarlarraa  of  bbaaaooaai 


Editiat  bacomoa  mora  alnuiilfladl 
tba  amatlar  numbar  of  ^claa  am 
Laaa  ttaia  ta  aaadM  oo  DARE  bt 
ttxattoa  caa  bo  daaa  at  fbU  opaai 


c^claa  cotmted  from  ttma  a  antll  ttrat 
1.  The  cquatloiia  (G.ll  cao  ba  aoltrad 
bgr  tba  aama  matbooa  aa  oquatiaaa  <P.3t. 

Aa  a  rea«tU  of  recant  invaatl^ttoaa,  it  la  now 
apparent  that  tba  UUOP  redoettoa  proceat  cm 
be  (reatlp  ImpiOYCd  bjr  utlllxt^  beat  fra- 
quenqr  *****  Thta  tjrp*  of  data  caa  be  cooven- 
tenUp  naad  ta  a  raa^a  aum-rai^c  aUTci  coca 
(one  range  aum  and  two  or  mot  a  InOependcot 
lanac  dUTerencea)  aolutton  nrbtd:  effera  tba 
foUoato^  adranU^ea  over  tba  ataaoard  range 
aum  aolutloo; 

U)  Kanoom  errors  to  pealttoa  and 
vcloclt/  data  can  ba  rcdacad 
atgaiflcantlp. 

D)  More  accurate  eattmatea  a(  poslUoa 
and  Tclocl^  i  andom  an  ora  cao  ba 
achieve  d. 

(3)  EdltlQg  of  'be  cKtlUzcd  raw  data  caa 
ba  greatlp  atmpUflc^  alloertag  more 
rapid  raoucUoa. 

It)  Qpcratlna  time  oo  UABE  can  ba  cut 
tgr  a  factor  of  from  two  to  four, 

IS)  AaomaUes  la  tba  dlgltfsod  raw  data 
caa  be  reaolved  bgr  lan»acttng  oselUo- 
grapb  pljvjrbacka. 

It)  Data  tram  ooncoheraal  atallon  arra/t 
caa  ba  utUlsc<t  addlag  to  qratem 
accuraqr. 

Advantage  O)  la  true  for  two  reaaone.  PlreV 
tbe  low  frtr}uencjr  beat  date  can  be  dlgltlsad 
wltta  greater  precteloo  oo  DAUE.  than  tba  high 
freqimiqr  range  aum  data.  Secondly,  the  geo- 
metrir  dU.ittoa  of  precteloo  tor  the  range  eum- 
range  dlfUreocc  solution  la  oormally  leas 
than  tlial  for  Iba  range  sum  aolMloo. 


At  prosaa^  oiHy  tbe  oorXy  portloa  af  o  COOP 
record  can  bo  checked  manually.  Tba  law  er 
beat  frequeoctao  caa  bo  rbeckod  mssM^y 
tbrougbout  a  U  ejecloigr*  Darge  orrosa  cad 
also  bo  tolerated  ta  tba  data  from  toa  atattan 
whoa#  range  aum  la  uaad  atnoa  am  earor  Id 
tbla  data  wUl  produea  poslUca  drrdrd  dd^ 
of  tbd  aama  order  of  magmbkdo  aa  Bd 
meaauraraant  arrorw. 

Beat  freqnrncy  data  caa  ba  cbtalaad  la  Ba 
following  tbrea  weyec 


la)  bgr  mixing  two  fre^aeoctaa 
time  during  a  last 

lb)  bjr  ruLxtng  alter  a  teat  and 
lb  I  beat  /rcfacdqr  oa  msB* 


by  mlxU,g  two  fretvenctad  aa  Bey 
are  fed  lotu  DAHE. 
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AN  AUTOMATIC  DATA  REDUCTION  FACILITT  COMBWING  MAXIMUM  VERSATHOTT  AND  SPEED 
By:  Mr,  WiUtAin  R.  Schumacher,  U,  S.  Navy  0n4crwat«r  Soua^  Labaratory, 
and  Mr.  H.  Mficolre  WUUnaoa,  Cpace.  lacorporalad 


INTRODUCTIOII 

la  the  field  ot  andarwater  sound  tho  capahij^ 
ity  for  taking  data  oa  a  real  time  basis  has  always 
eaietcd.  Although  th«  ability  U  rcduca  this  data 
also  has  saistad,  there  has  always  been  a  tro- 
mendous  time  Lag  la  the  reduction  aad  analysla 
of  the  data. 

During  the  past  few  years  there  has  been  a 
trend  toward  defining  the  signal  as  well  ss  ooiae 
in  terms  of  its  statistics.  To  carry  out  this  o^ 
eration  requires  a  large  number  of  samjdes  od 
the  signal  and  further  increases  the Umc  lag  and 
drain  on  the  manpower  to  reduce  the  data.  In  the 
past«  several  attempts  have  been  made  to  auto^ 
mate  the  reduction  of  eucK  data.  One  such  attempt 
consisted  of  making  oscillograms  of  the  analog 
signal  and  manually  reading  the  data  from  the 
oscillograms.  This  method  was  very  costly  la 
terms  of  time  and  manpower. 

An  obtfiout  solution  tu  the  problem  is  tbs 
coostruclios  of  a  speciai'-purpose  digital  equip* 
ment  for  processing  the  data.  In  general,  such 
equipmeot  is  expensive  to  construct  and  caa 
handle  only  a  specific  set  or  class  of  problems. 
Such  a  proposal  would  be  economically  feasible 
oaly  if  a  large  volume  of  data  of  a  particular  type 
existed.  Within  the  Underwater  Sound  Labora* 
tofy,  however,  the  volume  of  data  of  a  specific 
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•  TP*  a  rul:  is  not  suKlciontly  large  Vo  eupport 
Ukis  Aolution.  Moreover*  the  various  claeeee  ef 
problcme  that  exist  at  the  Laboratory  would  r«> 
quire  many  different  types  of  aystems.  TKcae 
conditions*  then*  rule  out  the  consideratiea  of  the 
special-purpose  digital  equipment  from  an  eco¬ 
nomical  as  well  as  practical  point  of  view. 

A  possible  solulioo  to  the  p4*oblcm  would  be 
a  high-speed,  stored-program,  digital  com¬ 
puter  with  a  means  for  entering  data  into  the 
computer  for  reduction.  In  the  ayktcin concept* 
shown  io  Fig.  I*  the  analog  information  must 
be  converted  into  digital  form  and  formatted 
lor  high-speed  entry  into  the  digital  computer , 
The  means  of  entry  would  be  magnetic  tape* 
since  it  is  more  compatible  than  other  entry 
means  with  the  speed  of  the  digital  computer. 

It  should  be  noted  at  this  time  that  if  the 
analog-tO'digital  conversion  equipment  is  to 
handle  a  large  variety  of  problems,  it  must 
approach  the  generality  and  speed  of  the 
stored-program  digital  computer.  Thus,  it 
must  combine  high  speed  with  versatility  in  tho 
number  of  input  analog  channels  and  must  have 
the  ability  to  select  a  particular  portion  of  in¬ 
put  data  to  convert. 

The  concept  of  using  a  general-purpose 
digital  computer  to  analyr.e  field  data  is  not 
new.  For  quite  some  lime  it  hat  ioen  tiie  prac  • 
tice  in  the  business  world,  as  welt  as  in  the 
scientific  field*  to  hand-process  raw  data  and 
feed  this  information  into  a  computer  for  arvsly- 
sit.  This  system  concept  utilizes  the  tremen¬ 
dous  speed  and  versatility  of  the  general- 
purpose  computer  with  a  highly  versatile 
aiialug-to-digitul  conversion  c^quipment. 

A  set  of  terminal  specifications  covering 
such  an  analog-to-digilal  conversion  system 

prepared  by  the  Underwater  Sound  Labora¬ 
tory  approximately  one  and  a  half  years  ago. 

The  contract  for  the  design  and  development  of 
such  a  system  was  awarded  to  Epsco,  Inc.,  of 
Boston.  The  system  as  cotislructed  is  shown  in 


description  of  the  ststem 

Alt  conceived  ihc  system  may  be  divided 
into  two  distinct  modes  of  operation;  (I)  the 
Data  Acquisition  Mode  and  {d)  the  Format  Con¬ 
version  Mode.  The  equipment,  however,  does 
not  lend  itsrlf  readily  to  separation  since  indi¬ 
vidual  portions  may  serve  a  dual  purpose;  that 
IS,  they  may  operate  in  each  mode.  To  faciU- 
Ij-.i-  the  discussion  of  the  system*  we  shaU 
coii:>>iiii  f  «  ach  rruide  of  operation  separately. 


Ft*  1  •  Ac*N*iHM  Bl»ti  Diagrm 


Data  Aci|ui«lllo«  ] 


A  block  diajirain  of  the  daUi  aci^uititlon  por¬ 
tion  of  the  ay«tecu  i»  rho— n  in  Fig.  ).  The  20- 
input  analog  voltage#  are  continunuety  followed 
by  the  multiplexer  — hile  It  le  operating  in  the 
eampic  mode.  O—  being  triggered  by  a  HOl-D 
pulse,  all  20  inpede  arc  disconnected  and  all 
input  voltages  existing  at  that  inetant  are  stored 
un  20  low-leakage  capacitors.  Next,  the  storage 
capacitor*  arc  ee^ocatiaUy  switched  to  the 
Analog-u  -Digital  Converter  by  STEP  pulses. 
Each  STEP  pulse,  after  an  appropriate  delay 
to  allow  for  decay  ol  twitching  transients,  is 
followed  by  a  CONVERT  pulse  tranan>ittcd  to 
the  A- O  converter.  After  each  conversion  the 
digi.al  data  are  presented  to  the  parity-gener- 
aie  and  tape  write  circuits  and  then  recorded 
on  the  magnetic  lapo. 


A#  soon  as  the  20th  cenversion  is  com¬ 
pleted.  the  multiplexer  receivee  a  SAMPIX 
pulse.  Thie  pulse  resets  the  multiplexer  to  the 
sample  mode  lor  a  small  fraction  of  a  milli¬ 
second,  a  sufficient  length  of  lime  to  enable  the 
storage  ca*^citors  to  acquire  charge  voltagea 
corresponding  to  the  new  input  voltages.  The 
multiplexer  is  then  ready  for  a  HOLD  command 
and  a  scries  of  STEP  and  CONVERT  opera¬ 
tions.  The  timing  is  arranged  so  >,ial  there  Is 
no  break  in  wri'iag  the  data  on  magnetic  tape. 
Continuous  recording  may  be  used  at  taps 
speeds  up  to  150  inches  per  second  and  packing 
densities  up  to  24*  lines  per  inch. 

The  digital  data  appears  in  the  form  of  a 
binary  coded,  three-decimal  digit  number  plus 
sign  lor  c.sch  data  point.  Three  lines  aro  rs- 
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corded  (or  oAck  4ata  foloi.  Saroo  irocka  ora 
•mployad  oa  tha  l/2-iach  iapa.  Fo%r  tracka  ara 
uaad  (or  numari«^ol  data,  ooa  track  (or  aicn* 
and  oaa  tratk  (or  parity.  THa  aavcntk  track  ia 
uaad  to  racord  a  block  mark  after  each  block 
of  20  data  pofaita  (or  00  liaaa),  TkU  block  mark 
ia  aacd  latar  ia  tka  tapa^to-tapa  larmat  coo* 
varaioa  pbaao. 

Each  scan  of  20  data  pointa  U  laitiatcd  by 
tha  HOt.<D  pulao.  Tbo  pulaa  may  bo  tr  if  go  rad 
iataraaily  (rom  a  cryatal  coatroUad  oaciUator 
or  (rom  an  extaraal  mean  rata  roolTOi.  TKla  op* 
araikm  can  ba  parfortnad  at  any  apaad  and oaad 
not  ba  at  a  uniform  rata.  FlaalbiUty  iaochiavad 
by  tha  provitioo  for  sbort-cycliof  tka  multi- 
ptaxer.  When  all  20  channels  aro  oaad,  iha 
maximum  number  cd  data  pointa  per  second  for 
a&cK  Input  is  600.  With  tha  short  cyclinf  faa- 
tura  tha  proframmer  may  ba  art  lo  acan  up  to 
10  channels  at  1200  scans  per  aecoetd,  5  chan¬ 
nels  at  2400,  etc.,  to  1 2, 000  acans,  or  sam¬ 
ples,  per  second  on  a  single  cbaaoel.  (Note 
that  with  a  **  Sample  and  Hold**  fBolciptexar  no 
increase  in  effectiaa  sample  rata  is  achinved 
by  paralleling  inptCs  since  the  same  voltage 
would  simply  ba  digitised  twice.} 

Provision  is  also  made  for  medium  scan 
rates  in  which  the  tape  is  run  at  17*1/2  inches 
per  second.  An  intermittent  or  atari* stop  mode 
which  srill  handle  any  scan  tala  from  60  per 
second  on  down  Is  also  avsil^W.  Starting  and 
stopping  rruy  be  manual  or  controlled  from  an 
external  pulse.  Stopping  may  also  ba  controlled 
auiomaiiraUy  by  a  preset  scan  coantor. 


format  that  U  uood  callp  for  wrltlag  the  data  la 
blocks  of  twenty  lO-dlgU  worda  with  elga,  A 
block  of  data  is  precedod  by  a  block  addrosa. 

In  addition,  conditioning  codas  aad  parity  bite 
muat  be  geaorated.  This  format  ooabWs  Ibo 
computer  to  search  for  a  particular  block  ad* 
dress  before  rssdltig  ooi  the  data.  Prograaa* 
ming  Is  slmplLfiod  by  respiring  that  only  oaa 
data  point  per  word  be  rocorded  and  fhai  tba 
remaining  moat  elgnificaag  eevon  digits  bo 
written  aa  ssroa. 


The  preparation  of  the  secondary  tapo  ia 
ouUlaed  ia  Fig,  4.  The  primary  tapo  is  startod. 
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The  input  multiplexer  coneiste  of  four 
Cpsco  S-chanael  CM5t$  sisedard  units,  ihste 
have  full-scale  inpets  oljhlO  volte.  The  trans¬ 
fer  accuracy  is  ^O.OS  per  cent.  The  A-D 
converter  is  aa  Epsco  Model  fl6l7  Oatrac. 
When  this  unit  is  used,  a  complete  conversion 
tales  place  in  26  microseconds.  The  primary 
tape  recorder  ueed  ie  a  Potter  Model  906, 
which  has  speed  ranges  of  37*l/2,  75,  and  150 
inches  per  second  and  a  rewind  speed  of  300 
inebes  per  second. 

Format  Convereion  Mode 

As  previously  described,  tbs  digital  data 
have  been  acquired  and  recorded  on  the  pri¬ 
mary  tape  in  blocka  of  twenty  Vdigit  decimal 
numbers.  Each  block  of  data  occ^iee  1/4  loch 
(minimum)  with  a  special  block  mark  recorded 
at  the  end  of  each  block,  that  ie,  at  l/4-lnch 
intervals.  In  the  Format  Conrereioti  Mods  the 
informatioo  is  transferred  to  Ae  secondary 
tape  and  rearranged  in  computer  format. 

The  computer  in  stalled  at  tbe  Underwater 
Sound  Laboratory  is  a  Datatroa  Model  205.  The 


a  block*s  worth  of  data<^20  data  points'*— ia 
transfsrred  to  the  240-bit  magnetic  core  bid- 
fer  memory,  and  then  the  tape  Is  stopped,  la 
order  to  accomplish  this  operatioa,  tbs  rsad 
c  ircuits  are  enabled  at  the  Grst  block  niark« 
the  information  is  rsad  aad  Uaasfsrrsd  to 
memory,  and  the  rsad  circuits  are  disabled  at 
the  second  block  mark,  which  also  stops  the 
tape.  Tbe  signal  which  stops  tho  priirtary  taps 
also  starts  ths  secondary  tape.  After  a  delay 
sufficient  for  the  tape  to  corns  up  to  speed 
(5  ms),  the  block  address  is  recorded  frota 
the  block  counter.  Tbs  content  of  ths  buffer 
memory  then  ie  written  onto  tbe  tape  complete 
with  the  required  parity  bit.  As  soon  as  the 
2Qth  number  is  recorded,  ths  secondary  tape 
is  stopped. 

While  recording  on  the  secondary  tape  ie 
taking  place,  as  already  described,  the  pri¬ 
mary  tape  reverses,  senses  one  block  mark, 
and  stops.  It  is  now  in  a  position  to  read  the 
eecond  block  of  data  into  the  memory.  This  op¬ 
eration  is  Inittated  by  the  STOP  TAPE  2  elgnal, 
which  Indicates  that  tha  Drat  block  transfer  is 
complsts. 


Tbc  pAi'tty  track  which  was  racorded  on  tha 
primary  tape  la  acnacd  at  the  arme  time  that  a 
block  of  da^  ia  beif^  read  into  the  buffer  mem* 
cry.  B  aa  error  o^'cura,  emptyinji  the  buf/r* 
onto  the  eecoodary  tape  ia  inhibited,  laatead, 
the  primary  tape  reveraet.  aenaea  two  block 
marka,  atarta  forward  afain,  and  attempta  to 
read  the  aame  block  into  the  buffer  a  aecood 
time.  If  it  aoccceda,  the  routine  continuea.  If 
it  faUa«  the  format  converaioo  operatioo  ia 
ato^  ^d  and  may  be  etarted  again  manually. 

Thie  operation  rcaulta  in  a  block  of  aeroa  in* 
atcad  of  the  errooeoua  data, 

llic  Potlrr  which  ia  uacd  in  4ha  Data 

Acquitilioa  Mode,  ia  also  uaed  in  the  Format 
Converaioa  Mode  In  fact,  the  primary  tape  reel 
::tecd  ncv^cr  be  re.novcd  from  the  handler.  All 
that  ia  neceaaar)  ia  that  it  be  rewound  and  that 
the  d«iia  be  eraaed  before  atarting  a  accond  ac* 
quiallion  phaac.  Th*  htiffer  memory  conaiated 
of  £pacc  magnetic  corea.  The  aecondary  tape 
ia  a  Potter  Model  90S.  Fpaco  atandard  circulta 
are  uaed  for  the  read  and  write  amplifierii 
digital  logic,  coiffitcra,  and  control  circulta. 

SOME  PEKFORMANCE  STATISTICS 

Let  ua  now  put  the  performance  criteria 
into  terma  that  are  a  little  more  famtUar.  A 
atanv.  rd  reel  of  magnetic  tape  ia  ^400  feel,  or 
28,800  inchea.  Thut,  at  20  d«ta  point#  per 
\/A  inch,  over  2,  300,  000  lhree>digit  data 
value#  can  be  recorded  on  primary  tape.  If  we 
aaaume  that  300  oumbera  can  be  typed  on  a 
aingle  f  Age,  thia  it  equivalent  to  over  twelve 
bOO-page  volume#  of  data.  At  ISO  inchea  per 
aecood  a  complete  primary  tape  reel  can  be 
recorded  in  200  aeconda,  or  3*1/3  minutee. 

Tbia  ia  the  aam>t  aa  ‘vriting  a  600*pagr  volume 
ia  20  aeconda. 

Since  a  Oatalron  block  of  data  occupiea  ap¬ 
proximately  3  inchea,  it  takva  12  tecondary 
tapea  to  flora  the  data  recorded  on  one  pri* 
mary  tape.  The  format  convereion  proceaa  d«* 
acribed  takea  place  at  approximately  10  trana* 
fera  per  aecemdv  or  1  S  minutea,  for  a  2400- 
foot  Datatron  reel.  Preparation  of  12  Datatroo 
reel#,  that  ia,  convertionof  the  data  acquired 
in  3-l/3  mmutes,  would  take  3  houra.  Expe¬ 
rience  ha#  ahowo  that  building  in  the  parity 
check  on  the  primary  tape  and  the  two-paaa 
attempt  In  the  playback  mode  waa  well  wor<h 
while. 

Two  bavlc  aide  bei  efita  may  be  derived 
from  Ihift  ayalem.  The  flr^l  ia  in  the  conatru**- 
lion  of  auxiliary  or  portable  digital  gathering 
eqt>ipment.  Tbia  portable  equip/rient  need  not 
prepare  the  complicated  Datatron  20S  Mpa 
format  but  aimpSy  the  primary  tape  format. 


Tha  primary  tape  may  then  ba  formatted  to  tbo 
Datatron  205  via  tha  central  proceaaor.  Tba 
aecood  benefit  la  that  ^e  primary  tap#!  with 
very  little  modification  to  the  baaic  uait,  may 
be  entered  into  an  IBM  704  computer, 

SYSTEM  APPUCAHONS 


L«l  ua  con  aider  now  two  different  typaa  of 
problema  that  may  be  analysed  by  meaaa  of  tbia 
ayttem.  Tha  flrat  oi  theaa  la  the  analyaU  oftba 


riMC  FIMCTIOM 


SAMPUNO^ASe  TIU04 


Fig  5  •  Periodic  Aieplitvda  Uodflflled  Signal 

time  function  ahown  in  Fig.  5.  ThIa  tima  func¬ 
tion  conaleta  of  a  carrier,  and  a  periodic 

modulating  envelope  of  bondwidlh  W.  What  va 
wiah  to  do  la  to  dt^acribe  the  center  portion  of 
thia  time  function  in  term#  of  ita  flrat-  and 
aecood-ordat  ln#(antaneoue  amplitude  atatia- 
tica,  ae  well  ae  the  piatialiea  of  the  envelop# 
an<.  the  correlation  of  the  envelop#  on  a  peri¬ 
odic  k^•l•.  In  order  to  accompUah  thle  da- 
ecr«ptlon  wiDiout  lo#»  of  Ir.fornLadon^  we  mual 
aample  the  time  fu;iction,  the  Hilbei  *  Iran#- 
form  of  the  lime  function,  and  the  detected  en¬ 
velope  at  pointa  l/W  apart  for  tha  region  of 
Into  re  at. 

The  procedure  requl.  ea  that  tha  analog  m.- 
formatloc  be  record.  1  on  one  channel  of  a  two- 
channel  r*\agnetic  tape  unit.  On  tha  aecood 
channel  would  be  recorded  a  sampling  pula# 
train,  the  time  orientation  of  which  woxiid  ba 
that  •>!  tlie  region  of  Intereat, 

Analog  equipment  wouldbe  vatd  to  generate 
the  Hilb.  rt  tranaform  and  t«ie  detected  envelope 
of  the  eignal.  Tliit  informatioo  together  with  the 
tlmo  function  would  require  three  analog  chan¬ 
nel#  In  the  analog-to'digiial  converalon  ayatem. 


Tl«p  •yMtcm  operated  io  th«  cict«r* 

cMitrol  n\od<*«  with  reaped  to  AcanoLn^  Oil 
tW  Ifmltiplexvr  a«  «eU  a*  aUrtioK  and  ttoppioc 
^  cJir  prin>ary  tape.  Tlie  lirat  pulae  of  tiM 
aMpliati  puiac  train  w^uld  start  lha  primary 
BMai.aitir  tape  unit.  Tlie  second  pulse  end  those 
following  it  would  raute  the  multiplexer  to  scan 
aad  sample  the  three  inputs.  Ihls  operation 
w^neW  continue  until  a  predetermined  number 
od  scaes«  corrcapondinn  to  a  certain  number  of 
4iAlablochs«  have  been  filled.  The  "anning  op* 
eratien*  a*  well  as  the  niagnetic  tape  unit«  thee 
onold  hi  atoppvd  by  the  preset  block  counter 
oolpel.  The  equipment  would  then  go  through 
dsr  same  cycle  (or  the  next  group  of  sampling 
poises. 

la  this  manner  the  analog  data  arc  samplcdL 
converted  to  digital  form,  and  recorded  on 
magnetic  tape.  By  external  control  of  «he  start* 
t«>£  4ad  stopping  o(  the  rrvagnetic  tape  unit  the 
data  are  packed  very  closely  on  the  tape.  Since 
iKr  time  sequence  is  preserved  on  tite  primary 
lafa^.  the  computer  may  now  be  ]>rogrammcd  to 
cocnpeic  the  statistics  as  wrll  as  the  corre- 
latsen. 

A  second  application  v.ould  be  the  study  of  a 
broad'band  signal.  The  aim  of  such  a  study  is 
to  determine  the  fluctuations  of  the  sp^'clrum 
lose!  as  a  function  of  tune  and  (rcqui*ncy.  The 
signaJI  would  be  applied  to  the  ''put  of  a  comb 
filter  (constant  ^iaodv  idth).  The  output  of  each 
filler  would  be  I'ltvclopc  ^detrett'd  andsfn  >othed 
vsitb  two  diffcfiMit  tinic  cunHtants.  1  he  ^0 
srvsooShcd  outputs  would  be  fed  to  (he  ^0-chan* 
fs«f  meltiplexer. 


The  equipment  wrould  then  be  opcTlted  In 
two  modes.  '\rst  in  a  rapid  sampling  of  fbo 
smoothed  oulptt*s.  and  a  a  cond.  al  a  sloes 
sampling  rale.  During  the  rapid  sampling  asedi 
the  tape  would  rwi  continuously  and  tbs  eani 
pllng  or  vcannln^  of  the  multiplexer  would  bs 
slaved  to  an  tnlctnal  pulse  generator.  Becssee 
of  the  '  sait^'dc  and  hold'*  operation  mi  tbs 
muiiiplescr  for  each  scan  pulscw  samplos  are 
made  of  tl.e  input  cbansels. 

In  the  siow  sampling  mode,  the  samplss 
are  dvsired  once  a  second.  To  achieve  mssl* 
mum  packing  of  the  information,  the  primary 
tuagncitc  tape  unit  would  be  operated  im  tbs 
•nierniHtent  mode.  The  pulse  to  iaitiats  lbs 
scat.  (i.e..  I  per  second)  would  be  dcrivsd 
from  an  external  source.  This  wi^uld  start  As 
tape  unit,  and  S  ms  later  a  scan  pulse  would  bs 
initialed.  After  the  conversion  of  all  ^0  waives* 
(he  tape  unit  would  slop.  This  operation  yields 
a  duly  cycle  of  S  per  cent  for  the  tape  uolft. 

Both  sets  of  data  then  would  be  run  througb 
the  Format  Conversion  Phase  in  order  to  e^ 
lam  a  magueltc  (ape  for  entering  into  the  csss* 
putc*r  for  analysis. 

Wv  have  atiempted  in  this  a.  .m  Uv  ob* 
tain  an  analog^io-digital  conversion  sysltnssd 
a  versatility  compatible  w«(h  a  gen«ral*pv*rpses 
digital  cOMipulcr.  Since  it  was  not  posslhla  aft 
the  time  of  development  to  specify  all  proble.eto 
of  data  reduction  and  to  include  their  resettSA' 
system  demands  in  the  design*  the  extemsl 
mode  of  control  was  added.  Through  the  ester* 
na)  control*  additional  circuits  may  br  added 
fi^r  each  different  reduction  prr^leas. 
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INTRODOCTION 

Thj  advent  ol  the  digital  computer  aad  other  high 
speed  data  handling  systems  baa  created  a  need  (or 
compatible  readout  equlponeot.  The  DlcrmON,  a  high 
speed,  alpha-numeric,  rLsoal  display  device,  la  de¬ 
signed  to  (ulllll  this  need.  The  OKSITRON  accepts 
digitally  coded  input  ln(ormatUM  (rose  a  data  process¬ 
ing  system  and  t.'ansUtes  this  lidornaUan  Into  char¬ 
acters  and  sy  citoU  which  arc  displayed  o«  a  cathode 
ray  tube.  The  heart  ol  the  DIGITRON  Is  the  unique 
character  generation  and  poaiUonlog  circuitry  whicn 
converts  high  speed  data  Into  necessary  deflectloa  and 
Intensity  signals  (or  display  on  a  standard  CRT.  Slg- 
nliicant  lea'.ures  o(  the  DIQTRON  are: 


(a)  Solid  state  circuitry  UuoughoA  Ihe  system 

(b)  High  writing  rates 

(c)  Program  control  of  character  star 

<d)  Readability  at  high  ambient  light  levels 
(e)  Wide  range  of  alpha-numeric  aod  special 
s/mbols 

(()  Easy  changeability  o(  syndmls 

(g)  Flicker  free  display 

(h)  No  special  computer  prog *aai  ior  displaying 
solid  lines 

SYSTEM  DESCRIPTIOM 

In  Ute  application  to  be  described,  OKIITHON  Is 
uel.-;;  used  as  a  c<imputcr  readout  device  providing  a  real 
time,  high  speed  visual  display.  A  parallel  30-bit,  100- 
mlcrosecond  Input  word  U  provided:  IS  bits  are  lor 
posItlMilfig,  6  (or  character  selecUoa,  3  for  line  nvxlu- 
latlon,  2  (or  sire  control  and  1  (or  tute  selection.  Two 
18 -inch  cathode  ray  tubes  are  idlUxed  aHhough  only  one 


tube  Is  used  at  a  lints.  TIte  dhqilay  Is  switched  from  otM 
lube  to  another  In  one  word  time.  The  primary  advan¬ 
tage  of  the  DICITRON,  here  and  In  many  other  appli¬ 
cations.  is  Its  ability  to  display  data  at  speeds  which 
are  comparable  to  the  operating  rates  ol  the  Input  de¬ 
vices.  The  DIGITRON  Is  re<|ulred  to  present  characters 
A  through  Z,  riumerals  0  throu^  8,  ana  several  special 
symtois.  The  placement  of  these  characters  Is  con¬ 
trolled  by  9  bits  ol  X,  or  horltomal  data,  and  8  bits  ct 
Y,  or  vertical  data.  In  addition  to  writing  alpha¬ 
numeric  Information,  the  DldTRON  Is  rcqfulred  to  draw 
several  types  o(  lines  — either  straight,  dashed  or  ta¬ 
pers  A  An  additional  requirement  Is  the  ability  to  cir¬ 
cumscribe  a  character  with  a  circle  bi  the  same  word 
time.  In  a  typical  operation,  the  DICITRON,  In  one 
word  time,  generates  s  dashed  line,  writes  a  character, 
then  draws  a  circle  around  that  character. 

Figure  I  shows  the  block  diagram  oi  Ihe  DIGITRON. 
The  main  blocks  are  the  stroke  timing  unit,  character 
setecUoii  unit,  character  storage  unit,  character  gener¬ 
ator  unit,  arid  position  generator  unit.  The  poeltlunal 
data  from  the  computer,  moves  the  clerlrod  beam  on 
the  cathode  ray  tube  to  a  particular  location.  During 
the  beam  positioning  time,  the  line  modulation  as  direc¬ 
ted  by  the  computer  Is  allectcsl.  Or.ee  the  pooKlonlng 
has  t«en  completed,  one  ol  M  poeelble  charactere  Is 
written.  The  character  writing  le  dons  by  the  utroke 
timing  unit,  character  selection  and  storage  unit,  and 
character  generator  unit.  8Lx  bits  ol  Dm  li:put  binary 
word  (rum  Uv  computer  UUe  the  character  salecUon 
unit  which  of  the  Cv  ctiaraclers  to  dirplay.  Upon  receipt 
of  I'.ie  start  or  tnltute  pulse,  the  ntroae  tlml/,g  unit  gen¬ 
erates  sequential  wave  forms  which  parallel  feed  all  ev 
character  cards  in  thn  i:haracu9r  starago  unit.  The  card 
selected  by  the  character  rielectlon  unit  produces  the 
necessary  digital  wavs  forms  to  di  ive  Ihe  Integrators 
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Figure  V.  Slmpllitod  Block  DUcran 


and  aasoclated  circuitry  la  th«  character  geiMra^or 
unit.  The  character  generator  unit  then  convert*  ih- 
dlgital  Inputs  to  the  wave  (oros  necessary  to  dlspl 
particular  character  oa  the  screen  (or  visual  prest. 
tlOD. 

STROKE  TIMING  UNIT 

One  at  the  more  slgntllRant  problem*  associated 
«lth  this  application  Is  the  speed  of  operation  dictated 
by  the  computer  word  time.  ThU  Is  the  time  repre* 
seated  by  the  one  cycle  timing  diagram  In  Figure  3. 
Ln  this  case  the  total  word  time  Is  approximately  100 
microseconds:  SO  microseconds  tor  positioning,  20  (or 
character  writing,  and  24  (or  writing  circles.  The  char* 
acter  writing  lime  of  28  mlcroeeconds  means  the  stroke 
timing  unit  has  to  generate  a  pulse  every  1.3  mlcro- 
seconde.  These  pulses  are  generated  by  using  the  In¬ 
itiate  pulse  to  set  a  Clp  (lop  which  start* a  (rce  running 
blocking  oscUlalor.  The  cscUlator  generates  the  strohs 
timing  pulses  until  the  (Up  Oop  is  reset.  Obtaining  the 
neri.suary  recponse  (rom  the  associated  digital  circuits 
to  this  rev>etlllon  rate,  requires  printed  circuitry  (or 
the  backboard  •■^.rlng  ol  the  stroke  timing  unit  and  Ihs 
cliaracter  storage  unit.  This  repeUUon  rate  also  re¬ 
quires  that  the  (Up  Hope  In  th'  ou^t  buUer  of  the  ciiar- 
actei  storage  unit  and  the  Intensity  ampllders  have  re¬ 
sponse  Umeo  In  the  SO  uUllmlcrosecond  region. 


CHARACTER  STORAGE  ’INfr 

The  character  ator;.gu  ualt  contains  aU  the  lodlvld- 
val  charactei  cards.  U  Is  the  (unction  at  each  card  U> 
•licet  the  proper  sequcncv  of  pulses  from  (he  stroke 
Umlng  unit. 

One  of  the  unique  features  at  the  character  storage 
unit  Is  that  only  one  cbiuacter  U  (orr.Md  on  a  renr^ovable 
prlntin  circuit  card.  These  cards  can  be  easUy  ard  In¬ 
expensively  replaced  by  an  Idontlcal  character  card  or 
one  that  produces  an  entirely  different  charactei-.  For 
example,  a  ctiaracter  card  lor  the  letter  D  can  be  re¬ 


placed  by  a  character  card  which  wlU  peodoce  the  letter 
R.  This  means  the  unUtc  alphabet  cam  be  rearranged  or 
changed  to  other  synixda  and  special  cheractors,  mere¬ 
ly  by  making  up  these  pew  symbols  sad  characters  on 
universal  character  cards  and  tfaea  rekniUng  the  char¬ 
acter  storage  unit. 

It  la  necessary  that  aU  of  Ihe  (Up  flops  in  Oie  output 
buffer  of  the  character  storage  unit  and  those  in  the 
stroke  timing  unit  be  at  a  logical  zero  at  the  time  of  the 
Initiate  pulse.  This  Is  accomplished  bjr  terming  a  pulse 
on  every  character  card  termed  the  ced-of-character 
pulne.  This  pulse  has  several  Imporlast  (uncUons:  B 
elope  the  generation  ot  the  stroke  Umteg  pulses,  rc- 
sete  aU  (Up  flops  In  the  system  to  zero,  and  starts  a 
delay  circuit  which  controls  6ie  circle  eewrator.  The 
circle  generator  circuit  provides  else  eraves  in  a  90 
degree  phase  relaUon  which  produce*  a  circle  when  ap¬ 
plied  to  the  plates  of  the  cathode  ray  ti*e.  In  addition 
to  these  (unctions,  the  eod-of-ebaracter  pulse  can 
Initiate  another  word  by  signaling  the  computer  lhal  the 
character  writing  time  Is  completed.  This  provides  a 
minimum  average  character  writing  (isw. 

CHARACTER  GENERATOR  UNIT 

The  (unction  of  the  character  genentor  Is  the  con¬ 
version  of  the  digital  signals  from  the  character  storage 
unit  Into  analog  deflecUoii  voltages.  Characters  are 
formed  by  a  series  of  short  etrokes.  The  tlone  base  for 
the  strokes  originates  in  the  etroka  timing  unlL  Each 
•troke  Is  of  constant  Urn*  anpUtud*  nd  nltlmately  i*- 
sulte  In  proportionately  equal  deflectton  Increments. 
This  technique  Is  analogous  to  Ihe  lamUlar  Ltssajous 
(tgures  formed  with  an  oeclUoaccpe. 

Figure  3  Uiustraten  formalton  of  the  character  A. 
The  electron  beam  starts  from  a  central  position  and  la 
deflectsd  along  the  path  designated  by  stroke  1.  (Thera 
ts  a  1  to  1  tlms  correspondence  between  the  numbered 
sections  of  Ihe  borlxontal  and  vertical  deflection  volt- 
ayes  and  the  stroke  numbers  on  the  letter  "A"  shown  In 
Figures.)  Tbs  beam  continues  along  tbs  path  dsalguated 
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The  H  li  V  wavefotm  combined  tbe  tBteeetly 
(I)  waveform  wlU  produce  the  letter  **A*'  whee 
applied  to  tbe  electroatatle  defleeUoa  platea  of 
CRT.  The  equally  spaced  vertical  lines  are 
timing  marks  and  there  Is  a  ooe  to  one  enrre- 
apoodencc  between  these  narks  and  the  straks 
numbers  shown  on  the  letter  “A". 


Figure  3. 


Symbol  Generation  Timing  Chart 
and  Waveforma 


Figure  3a.  Symbol  Generatloa  Timing  Chart 
and  Wa  valor  tm 


by  etrcAea  3,  3,  4,  5,  etc.  Note  that  at  time  3  the  la- 
tenslty  blanking  signal  Is  removed.  B  is  reapplied  Aw¬ 
ing  times  11  and  12,  and  again  at  the  end  of  (he  claai  - 
scter  formation  tiioe  14. 

Figure  3A  shows  the  forimtloa  of  the  hortcoalal  A- 
flectlon  signals.  A  similar  procedure  r.ot  ahoew  he  BM 
figure  produces  the  vertical  dsllectlan  elgnals.  Olgttal 
pulses,  fH  and  -H,  are  fumUhed  from  a  selected  char¬ 
acter  card.  These  pulses  ultimately  control  defVcUas 
right  and  daOectlOQ  left,  reapacUvely.  The  saM  pulses 


Figure  4.  ktsgrator  Circuit 


set  snd  reset  s  flip  flop  ehose  odputa  control  the  inte¬ 
grator.  Tbe  Integrator  ootpot  after  ampUflcatlon  is  in 
the  necnseary  form  for  horlaontal  deflection. 

A  sltqdUled  Integrator  circuit  la  ahown  In  Flgurn  4. 
Translators  Q1  and  Q3  are  connected  as  poeltlee  and 
negative  constant  current  generators.  They  st.rve  to 
charge  the  output  capacitor  positively  or  negatively, 
dtpcr.d!ng CD  which  transistor  la  energised.  The  diodes, 
through  which  the  capacitor  Is  charged,  are  back  biased 
In  the  absence  of  charging  current.  This  prevents  tbs 
capacitor  charge  from  leaking  off.  Thus  the  rapacllnr 
serves  as  a  memory  element 'S  well  as  a  componsot  of 
a  rang)  generator.  This  capa.Mtor  Is  DC  restorsd  by  a 
Clamp  transistor  (not  shown  In  the  figure)  alter  eaik 
character  Ins  been  written.  Character  else  Is  dlgUally 
controlled  by  attenuating  tbe  Integrator  output  voltages 
with  bilateral  transletor  ewltches.  The  digital  else 
costrol  le  followed  by  a  Dianual  size  cootrol. 

A  character  size  of  two  Inches  and  the  deflectlao 
eenaltlvUy  of  the  cathode  my  tube  retiulre  a  maxlimim 
of  400  volts  peak  to  peak  for  electrosUt'.c  deflection. 
Tbe  character  writing  speed  of  1.3  mICTOseconda  per 
stroke  requires  about  a  one  megacycle  bandwidth.  The 
clrcuU  shown  In  Figure  S  was  designed  to  oieet  the:** 
requirements.  A  8t0f<-up  transformer  Is  used  to  achk.vo 
the  final  volttge  output.  DlCuced  Junctlaa  aUlcoo  tris- 
slsvws  with  100-volt  breakdown  ratings  and  a  cutoff  I're- 
queccy  of  sight  megacycles  are  used  In  the  amplifier. 
The  aoc>llfler  desl{7i  aUmn  a  trann'ormer  step-up  ratio 
of  only  1  to  3-1/2  to  be  achieved  l>y  providing  an  SO-volt 
ouqiut  at  the  Iranslormer  primary  winding.  The  ampli¬ 
fier  also  provides  the  low  output  Impedance  necessary 
to  drive  two  transformers  In  paralleL  This  fsature 
ellmlnatee  the  necessity  of  having  to  switch  the  smpU- 
fler  outfwt  from  tubs  to  tube.  Two  step-up  transformers 
are  used  to  decrease  the  effect  of  the  stray  wlrli«  ca- 
pecltacce  aseoclateil  with  the  secondary  winding.  This 
capacUaoce  reduction  Is  mchlsved  by  locatligi  each  traos- 
fornrsr  close  to  the  deflection  plaUs  of  each  tube,  la 
order  to  provide  symmetry,  arid  hence  mlnlmlte  Elec¬ 
tion  Eocuslop,  the  dedlectli^  Held  ehould  be  piodooed 


so  that  the  raan  potential  of  the  parallet  plates  rcoaiM 
constant.  This  la  accomplished  by  the  center  tapped 
secondary  cf  the  step-up  uunsformer.  Additional  sym- 
ntetry  Is  gained  by  balancing  the  capacitance  of  each 
secondary  winding  to  ground  and  to  the  primary  by  a 
special  winding  technique.  A  slnplUied  deClectloa  ai»- 
plUler  schematic  appears  In  Figure  S.  A  groinded  base 
stage,  Ql,  wilh  local  negative  (ccc&ack  provides  vohase 
gain.  An  output  Impedance  of  100  otiats  Is  achieved  wMi 
the  cascaded  emitter  followers,  Q2  and  Q3.  The  last 
follower  transistor  operates  Class  A  with  a  power  dta* 
slpation  cf  approximately  16  watts. 

POSmON  GENERATOR  UMT 

The  primary  position  of  the  electron  beam  la  tbs 
display  tube  Is  accomplished  magnetically  by  the  position 
generator  unlL  This  Is  done  by  conlroUlng  currents  la 
a  precision  deflection  yoke.  These  currents  are  pro* 
portional  to  the  positional  Input  signals  of  which  there 
are  a  total  of  18,  9  bits  for  X  deflection  and  9  for  Y  de¬ 
flection.  Since  these  Input  signals  represent  a  9-bil 
binary  word  In  each  axis,  It  Is  passible  to  posUloa  the 
electron  beam  to  a.'-.y  otie  of  over  2t>0,000  poalUone.  !■ 
addition  to  controlling  the  final  poslUon  of  the  electroe 
beam,  (he  deflection  yoke  also  controls  beam  owvemeid. 
That  La,  by  forcing  any  change  In  yoke  carrent  to  ha 
linear  and  requiring  that  change  to  occur  during  a  pre¬ 
set  time  interval,  the  electron  beam  will  more  In  a 
linear  manner  from  point  to  point.  This  technique  al¬ 
lows  the  generation  of  lines  between  any  two  points  <■ 
the  face  of  the  tube. 

The  deOectlon  yoke  Itself  consists  of  four  wlndlogs 
with  nearly  equal  Inductance  In  each  winding.  Two 
windings  are  used  for  X  deflection  and  two  for  T.  Tto 
yoke  windings  are  phased  so  that  equal  currents  is  all 
windings  cause  the  electron  beam  to  be  In  the  center  cl 
the  screen.  Whenever  the  current  In  one  yoke  wlodiag 
Is  lncreaJ'4  the  current  bi  the  opposing  wliuhnf  Is  de¬ 
creased  by  an  equal  amount.  That  la.  It  ww  designate 
the  X  windings  as  X  j  and  Xj,  then  If  the  current  Is  Xg 
Is  Increased  by  One  an^re,  the  current  Ic  Xg  woolif  fas 


decreased  by  one  ampere.  This  mods  d  yoke  apsraltas 
has  several  advantages:  R  allows  lbs  ass  ol  *  ste^s 
power  Btqiply,  provides  a  constant  load,  and  rsdsffs 
by  one -hall  tne  current  that  one  drWIsc  clrcatl  saast 
handle. 

The  Uock  diagram  In  Figure  8  Is  a  alwpIlfWd  ver- 
stoa  of  the  complete  positioning  circuitry  rsqsfiwd  ts 
drive  a  single  yoke  winding.  This  circuit  Blast  gUttvlde 
thiee  functions:  Convert  the  digits,  voltage  lepwU  to 
precise  analog  current  equivalents,  cootrol  flke  nts  ol 
change  of  yoke  current,  and  provide  safUcisat  wnIHje 
to  drive  the  voke  winding,  “^e  digital  to  analog  com- 
version  Is  obtained  by  switching  bUurUy  wslidrtsd 
resistors  In  and  out  of  the  current  aslscttos  drcuH 
shown  In  Figure  7.  There  Is  one  each  circalt  lav  cueb 
bit.  The  weighted  resistor  Is  the  resistor  abaww  Is  lbs 
emitter  of  Q3.  The  transistors  Ql  and  Q2  to  Flpvs  7 
generate  constant  currents  which  charge  aad  ittrrbirgs 
tlie  capacitor  linearly.  This  voltage  wavs  form  ap¬ 
plied  to  the  base  of  Q3  causes  the  emltler  carrent  to 
change  linearly  from  a  maximum  value  to  a  ■b  inus 
value  or  vice  versa.  Constant  voHags  Is  ■miaSataed 
across  the  current  selection  network  by  a  rtlflf  re nrs 
amplifier  and  Uie  feedback  loop.  Tbs  magaWiA  ct  Ibts 
voltage  is  determined  by  the  reference  volbigs  Trbkh  Is 
obtained  from  a  Zener  diode  circuit  that  aUows  a  s  10% 
variation  In  the  primary  power  supply.  Tbs  isdpsle  o( 
the  current  selection  circuits  are  bussed  li igi  fto  r  and 
connected  to  the  power  anvlUler.  Sines  a  volt¬ 

age  Is  malntaloed  across  these  circuits,  tbs  total  car- 
rent  that  flows  Into  the  power  amplifier  Is  propcwtkioal 
to  the  parallel  sum  of  the  blnarUy  weighted  lesbiliii  ■ 

A  tetrode  transistor  Is  ased  fai  the  ppsur  aatpUfk  r 
to  handle  the  required  0. 05-  to  l-ampere  cunwidcacar- 
clons.  This  4-ampere  current  range  Is  cqalvahatt  to 
about  a  lO-mlcroampere  change  In  the  mdput «(  As  dif¬ 
ferential  amplifier.  The  emitter  of  tbs  power  ietrods 
la  connected  to  the  current  summing  bos,  and  ■  ts  to 
this  junction  that  the  feedback  loop  la  coaaseted.  Tba 
collector  of  the  tetrode  then  adjusts  to  whatever  — 

Is  nocessary  to  provide  the  correct  emitter  crjrrsst 


♦  •  w» 


Figure  7.  Cvirreiu  Selection  Network 

as  dictated  by  the  leedback  loop.  The  voltage  amplUler 
provides  the  necessary  voltage  gain  to  drive  the  power 
atnplUler,  and  a  considerable  degree  o(  isolation  be¬ 
tween  the  differential  and  power  amplifiers. 

The  operation  of  the  deOection  circuitry  In  Figure  6 
is  as  follows:  If  the  voltage  being  sampled  by  the  dif¬ 
ferential  amplifier  changes,  a  signal  Is  developed  and 
transmitted  to  the  voltage  amplifier,  then  la  the  power 
aoipllfter  In  a  sense  to  restore  the  sampled  voltage  to 
its  original  value.  There  Is  normally  about  10  volts 
available  to  the  power  amplifier  to  maintain  or  change 
the  current  In  the  yoke  winding.  Though  this  appllcatlos 
of  the  DIGfTRON  requires  two  display  tubes,  only  one 
driving  circuit  for  each  yoke  winding  is  proyl(ted.  The 
ouiput  of  the  driving  circuit  is  switched  from  one  yoke 
to  the  other  un  receipt  of  a  signal  from  the  computer. 
This  signal  activates  a  transistor  switch  which  route* 
the  driving  circuit  output  to  the  correct  yoke. 


Figure  B.  Typical  Dtgltroa  Display 

Associated  with  the  position  generator  unit  Is  ths 
voltage  controlled  oscillator  circuit  (Figure  S.)  The 
function  of  this  circuit  Is  to  provlda  a  frequency  which 
can  be  used  to  modulate  the  lines  generated  by  tbs 
position  generator  unit.  Thi*  modulation  frequency  Is 
used  to  control  tho  Intensity  amplifier  during  the  beam 
positioning  time.  The  mooulallon  provides  the  dashed 
lines  as  directed  the  3-bU  modulalloo  code  from  the 


Figure  8.  Voltage  Controlled  Oscillator 


Figure  10.  The  Dlgltron 


computer.  Since  the  beam  poaltlonlnf  time  U  a  c«o> 
■tant,  but  the  distance  the  beam  must  more  is  a  rarl- 
able,  a  constant  modulation  frequency  cannot  be  used. 
For  example,  U  a  dashed  line  Is  required,  wttfa  rlaaltie 
equal  to  1/4-lnch  In  length  with  au  equal  spacing  ei 
1/4-lnch  between  dashes,  a  frequency  that  would  be  a 
function  of  the  total  distance  to  be  moved  would  have  to 
be  generated.  This  is  accomplished  by  coittroUii^  the 
frequency  of  an  oscillator  with  a  voltage  that  Is  propor¬ 
tional  to  the  total  distance  the  beam  moves.  This  wit- 
age  ts  an  analog  signal  that  is  supplied  by  the  oonqMdsr. 
The  oscillator  itself  consists  of  a  free  running  multi¬ 
vibrator  with  the  timing  components  connected  to  the 
variable  input  voltage.  The  wide  frequency  range  Is  ob¬ 
tained  by  a  comblnatlxm  ot  transistors  with  a  high  beta 
and  a  low  base  emitter  drop,  and  solid  stats  voltags 
sensitive  capacitors. 

CONCLUSION 

A  description  has  been  given  of  a  high  speed,  solid 
state  data  display  system  which  accepts  data  from  n 


digital  coopoler  and  provides  a  wide  rangs  of  syndMlogy 
saal^  rend  nmler  hl^  ambient  light  levnls. 


The  devekipnent  cd  ths  solid  ststa  circuits  In  this 
system  has  resalted  In  a  significant  decrease  la  ths 
mngnstlc  deflect Icp  times  previously  obtained  with  simi¬ 
lar  vaoBun  bdm  circuits.  This  development  also  demoo- 
strates  that  ths  high  voltages  and  high  speeds  usually 
associated  with  electrostatic  deflection  can  be  achieved 
with  traaslstors. 

The  rellabUlty  cd  the  DlGtTRON  Is  demonstrated 
by  the  recording  ci  over  400  hours  of  trouble-free  op¬ 
eration. 

I>ie  to  the  modultr  design  approach  employed,  the 
DKXTRON  can  be  utilized  in  a  wide  range  of  appUca- 
UODS.  Cootioutan  visual  monitoring  of  process  controls, 
conputer  program  checkout,  air  traffic  control,  tacti¬ 
cal  systems  and  tabular  format  presentations  are  but  m 
few  of  the  appUcatlons  cd  the  DIGITRON. 


A  AAnLUn  IBOtOWAVE  T*lJm*T«TO*Cn^TO« 
iaOR>  nATSU)IO>WAVS  tubs  TSCBMlQIin 
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Pido  Alto, 


Apooo  nUelc  telsmotir  tjaUmm  oio  Wag  I 
to  tho  mloroiraT*  nag»  b;  tb«  i 
irtdlha  aod  hi^r  •Baethro  radldad  | 

VITO  froqusDctoa,  tobaa  eai  ha  baik  aUeh  atCl  naat 
tba  baadwidtli  ragilramoBi  ohfla  Ud4r  Atoodlaal 
baooma  5aaalbla  to  i 
raqalramtsU  Tbto  ordar  ol  i 
in  lra(|ueaoy  has  dlaeloaad  a  lank  a<  aakatila  > 
aira  devleai.  Ttieaa  ttortoai  mast  ba  captUa  a< 
ganaratlng  traasmUttoc  poa«r  laoala  oUla  M  lha 
■una  tlma  msatliig  a  oumbair  of  ethar  ra^dmata 
pacnUar  to  apaca  vahlcla  ajatama.  Poorar  lamia  ta 
tha  taa-watt  ranga  at  2000  fan  ara  hsjnad  tha  c^aUl- 
tty  of  praaaot  tolld  atata  davtoaa,  aatba  aaaafa 
nlorjwava  tuba  U  dloCMad. 

Tha  prtmaiy  nqulramota  of  a  spaea  aabitola  sgraum 
ara  long  muatandsd  lUa.  high  afSctaacy,  Upgiml^ 
and  sxtrams  rallafalltty.  A  yaar  of  co«ain»^  apara- 
lloa  in  only  a  bagtnnlnc;  altbmleij  SO.OOOtjOfLOOO 
bsura  and  mora  wtU  In  rayilrad.  IB|b  affutasay  la 
of  prtma  tmporUnca  bacauaa  at  tha  aaraia  pMar 
supply  waigbt  penalty  par  daUrarad  da  vaB  to  tbs  MM. 
When  tha  total  pevar  an^^  U  cutoStdaTtid  S 
aotar  calls,  tWrsga  battartos  and  da  < 
povar  cost  la  sararal  poonds  par  viat.  Tbda.  af 
eouraa,  aufatracta  dlrscUy  fzoa  the  pto  tooA  Iks 
mors  afficlant  tha  Mho,  tha  lass  ptmar  StoS^  •sigbl 
wUl  bs  naadod. 


Ooopanr 
Callforal* 

ly  atiisgmt,  tha  orar-ali  sataUlta  sytosm  win  paoh* 
.hij.  gasartoa  a  highly  ftabla  diirlng  atpial  and  naa  tha 
titoa  as  »  ampUflar.  For  tana  strlngsnt  fratpitoey 
stablUty  appUoatloos,  ovor-all  syatam  aImpUlleattoa 
ahould  acoTva  thmugh  tha  usa  of  tha  tuba  as  ta  oadl- 


To  meal  tha  high  afflclanoy-ll|l*aaHI»  ra^ro- 
moAs  of  this  appUedloo,  a  form  at  aao-dlaslpatlvo 
alactroa  beam  focusing  muat  ha  aaad.  TwofbmiaQf 
win-dlaalpotlra  focusing  axlsh  pamanasd  raagaad 
and  aladroatcUc.  Of  tha  two,  alootrostaUc  focusing 
toroWaa  lata  welglA  and  la  oomptetaly  InaanslUvo  to 
ambient  tompsratura  vartailona.  Tbna,  elactroaUtto 
focusing  waa  choaoa.  Tha  apacLflc  embodlniasd 
involvet  a  btfllar  ball*  which  can  support  a  voHags 
diffet'anoe  batwaao  the  Individual  helloea.  A  solid 
of  clrcnlar  cross  sccUoa  la  shot  Into  tha 
beginning  of  tLe  ball*  with  a  ccoTorgeDt  flow  alsotroa 
gun  as  shown  la  Fig.  !• 


Deacrlpttoo  of  tha  T«toa 

To  meat  thsss  ra^ttraaiaiaa  a  tiartflag-wasaMba 

■mpllflar-oscUUtor  la  undar  daralopaaat.  B  licor- 
poraus  a  number  of  taetaras  orUch  wlU  aCsw  B  to 
lohlars  lha  following  cbnractariaUca;  Ib-wcito  power 
output  at  220  mo,  Ufa  grertar  lha  lP,OC}bB(sa, 
slflotoncy  grsxtor  than  H  paroaid,  wofstt  laaa  Ooa 
one  pound  nnd  eaattraatkm  to  prareil  Btero> 

idanlam  during  aooclsrcUao,  ahoeh  and  vibaaitna.  Aa 
an  uaoUlitor,  Ua  trcigicaaf  oaa  bt  roltaga-CaaBda 
U  Dia. 

Tba  tidoa  Is  a  baliZ'Cypa  traraUag  wnrra  atajKtor.  Tha 
ampllflsr  can  ba  mtds  iiM  a  hic^y  arthla 
tcnnbla  oaeUlstor  by  uatc/t  entorul  faoOacfc  bwa 
cotput  to  input  through  a  aUIile  ialaioai.«a  carl^ 
rtaonatOT.  In  altbor  cane,  good  ofilctooey  Iso'-’Jovad 
hoctuao  tha  tub#  la  bnrtca^y  aa  utfUSar.  tiOa 
osoUlator  eaao,  tba  voU*os  tueel  Hty  ratciliciiitcB 
puts  Ughl  atahUlty  ratrdrsmetda  v .  s  Co  voKirrvpyif. 
For  appltotUoDa  whaio  fro^uncy  stnbflify  to  «ntromo- 


Tho  alaetroaUSto  lanut  formed  by  Ibo  flinging  aleo- 
trlo  fields  betnaaa  ths  halU  wlraa  produce  a  net  in-" 
ward  fdouslns  toroa  on  tha  altctroo  beam.  Hila  toroa 
]uat  vXiiiBtaracta  tba  outward  force  due  to  midual  rapul- 
atoe  of  tho  atoctrvma.  Tha  aioctioo  beam  oaa  ba  tocua- 
ad  from  tha  c*thc>:  to  tha  ooUactor  alectroda  wUh 
Tsry  tow  tataroeptloa  of  ouireat  ea  any  alectroda. 

ourrent  transmlsaloa  from  eathods  to  ooUaotor 
greutar  93  percent  baa  bean  dantocrtrated  with 
this  tuba. 

Coupling  of  rcaTjy  oiao  tha  helix  at  ttia  input  tad  off 
tha  hciu  et  lla  otryj  la  aooomriuhad  by  tha  uaa  o< 
oouplfd  fcoltodlrootloanl  oouT’rra.  Ibo  coupllag 
fc.'ll*  la  a  ilr:,’.'*  Dlar  hell*  which  mitchea  directly  to 
60  olun  ooar.'tl  transmlsrloD  llKS.  TLa  oovpJUyi  hallx 
la  locptad  octeii*  tht  Tseena  airrelopt  and  prondea  a 
almpia  at  co.ipllnj  to  Iti  bUUar  ball*  adilla 

aimulttnaouily  nir«inirg  volta^a  laolatloa  from  tha 
innor  halloas. 


The  dU(lpaik>*  of  tko  bou  pooor  coDoetod  in  tbo  oo(- 
loctor  oloctroda  in  tv  mtun  of  •  hoM  aiok.  Tbo  ool- 
lector  oloctnido  vUl  bo  openlod  at  ground  pctaailalto 
tbit  It  con  bo  thormoUjr  oooBocted  to  tho  bcM  oink.  AH 
other  elect  rodeo  will  tben  Doet  above  or  below  ground 
no  la  neoeaaory  to  porform  Iholr  voriouo  (unctlcBO. 

Tba  tidM  la  mounted  In  an  nl— Imua  capoole.  One  aide 
of  the  eapoula  baa  fim  aorincea  ohich  bob  to  ttan  hoot 
nil*  of  tba  apace  vehicle.  Intemally.  the  collector 
electrode  la  thermally  bonded  to  the  capaula  end  Un 
real  of  the  tube  la  poaed  to  the  capeulo  walla  eo  that 
the  vacuum  envelope  of  the  t^e  cas  have  little  temper¬ 
ature  difference  with  reapect  to  tba  Seat  alnfc. 

The  weigbta  of  the  component  portr  of  the  encapovlatad 
tube  are  aa  (oUoww 


Tuba 

l.loa 

CavtlJ 

2.0  oa 

Capaula 

S.0  oa 

Total  WelfH 

At  an  amplLfler 

T.g  oa 

Aa  an  oscillator 

a.aos 

A  photograph  of  the  tdoe  la  above  In  rig.  2. 


Frequency -ModiOated  OTCill:<or  Opcrallon 


Aa  an  oaclllator.  a  traction  of  the  output  power  which 
the  lube  la  delivering  to  Ibe  load  la  coupled  back  to  lha 
input  coupler  through  a  tuned  coaaial  cavily  reaonalor. 
The  rcsonatur,  which  la  thus  located  In  the  locdbacfc 
loop,  determines  the  frequency  of  oscillation.  The 
regenerative  feedback  duo  to  the  amplifier  in  the  feed- 
hack  loop  makes  the  elfectlve  Qof  the  cavity  many 
times  greater  than  its  normal  value  and  Ihup  the  osclk 
lator  can  become  calremely  stable  at  a  fixed  value  of 
helix  voltage.  A  cutaway  dravingot  the  oiclllalor 
capsule  la  shown  In  rig.  X 

A  uaefal  fcilure  o(  Ihlt  lype  o(  oscillator  U  Its  volUgs 
txuubllltya  Within  the  pass  band  drtrrrnlned  by  ihs 
toMV?d  Q  of  the  caviljr.  the  frt^jucary  of  the  osetUstor 
CM  be  varied  changing  the  belts  to  catho<W  voltaga. 
For  a  loaded  cavity  Q  of  40.  ibo  oaclllator  can  ba 
tuned  ^  25  me  with  Icsa  lba»  3  powar  oul|Att  varia- 
Uon.  "Llrtcarlty  of  tbo  twLng  oirea  la  drisroilifced  by 


a  — caraacT  v«a  ar  taaaaats.*fca  aATCiurt 
aacasaraa  anaan  vvac.caiauas  »m  csvitt. 


tha  tm^xncy  deviation  required.  A  tuning  alopa  of 
OoS  mc/voh  la  atypical  value.  Where  devlationa  of 
only  *  100  kc  are  required,  the  cavity  Q  can  ba 
Increased  by  a  factor  of  10  aad  the  tuning  alopa  wlU 
bcooma  O.OS  me/ volt.  This  latter  case  reduces  tba 
atabllMjr  rctpiiruiDeiita  on  the  power  supply. 

7*be  center  frequency  about  which  the  oaclllator  can  ba 
voUage^tuned  la  detefml:.cd  by  the  mechanical  tuning 
of  tf»e  ca/Uy.  The  cavity  la  a  half-wave  coaxial  reso* 
nator  made  of  Invar  which  la  further  lertperalura* 
CDtnpecsated  to  make  ita  frequency  independent  of 
temperature.  The  cavity  la  mochanically  tiinabla 
across  ihr  of  ?0':»0  to  2400  me  by  a  plunger  which 

pcrtu»^a  the  £  field  masimum  at  the  cavily  centaf. 
Coupling  Into  and  out  of  ibr  cavily  ia  arcorr.pUahed  by 
means  of  large  coupling  Iwps  projecting  IMo  tha  cav¬ 
ity  from  tba  end  walls.  By  adjusting  the  coupling,  tba 
loaded  Q  of  the  cavity  Is  act  to  lha  desired  value. 

Efficiency 

Efficiency  of  M  percentfincludlng  heater  power  In 
efficiency  cslculatiun)  la  ebtairved  by  (a)  designing  s 
tube  with  a  good  basic  beam  efficiency,  and  (b)  by 
using  the  clflcieoey  improvement  technique  of  opera¬ 
ting  the  collector  electrode  ai  a  voltage  depressed  to 
approximately  one  half  the  average  helix  voilage. 

U  should  be  noted  that  this  34  percent  efficiency  Is 
many  times  greater  than  other  voltage-tuned  micro¬ 
wave  oecUlatora  bevauae  the  tt^  la  basically  an 
amplifier  aod  thus  can  have  the  v  flicisncy  demonstrat¬ 
ed  by  microwave  anipi-.)era»  Typical  backward-wave 
oscilltlors  and  reflex  klyslrgo  oecillatcrs  have  effi¬ 
ciencies  la  the  range  of  4. 1  percent  to  1 . 0  perceedo 

A  basic  beam  efflciewcy  ef  24  pc^rcent  la  obtained  by 
designing  tbe  tube  to  operate  ^  the  high  Impedaoco 
dlfperetve  regkwof  the  hel^  phsae  velocity  charac¬ 
teristic.  This  region  of  the  ^=44x  characteristics  caa 
be  used  becanse  of  tho  narrow  band  requiremeats  of 
the  sraiesa. 


AMlbBr  iHportaii  aspect  ef  bl|dt  efficiency  operalloe 


t«  ^od  locaiiac.  A  f«v  mUlUmpct**  laurovptkn  at 
Cka  Ui^  votog*  h*llx  wtU  oauM  u  •pprMitId*  <l«cr«- 
MtM  of  oflklBo;  ptrfomunc*.  Mlaatjr-flv*  peroMt 
to  M  porctot  trutfnUiioa  of  eitbodo  aurrad  to  tW* 
oolU^r  U  Mcooauy. 

WBh  c«r«  tokta  to  to*  ooUootor  oloctrodc  doalpi  to 
•afproaa  oecDiadaiir  •loctrono  emorctof  from  tho 
coltoctor  which  will  dltalpoM  thoir  energy  oo  U>*  hells, 
toa  ooUeetor  esa  be  dapreaeed  to  lees  theo  one  heU  the 
ararage  beam  roluga.  A  typletl  dletribuUoo  of  power 
dlealpatlcai  on  the  vartoua  alactrodaa  and  the  raaulUng 
efftotency  U  shown  to  Table  L 


Beater  power 
CoUector  power 
Low  bells 

Anode  and  'Vody  Collector** 

High  bells 

Total  topto  power 

CMput  pU'iM 

Ktllciency 


3.S  watte 
6.1  watte 
.01  watt 

33.2  watta 

5.2  watu 
48.6  watta 
IS.  0  watta 
30.0  parcaot 


TABU! 


CMlmated  powe  r  dtaalpatioi:  oa  tube  elemacita  and 
efficiency 


OpersUng  tile  of  a  traveUog*wtve  tube  la  primarily  a 
fact  toe  of  the  eatbodt  life.  At  loog  c*  toe  catbada 
emits  electrooa  to  e  uniform  manner  tcroaa  tie  face 
and  to  operaUag  under  apace-charsa  llmtted  ooadttlooa. 
the  tube  win  conttous  to  deliver  lU  ratod  power  output. 
Actually  It  will  cooltoua  to  perform  well  beyond  ibis 
point.  Bowever,  when  calboda  emlealoo  begtoe  to 
dunge  under  etaodard  condltlona,  K  la  a  signal  lb>t 
aud  of  lUa  Is  ImmlLent. 

Sararal  lactore  lead  to  long  cetboda  lUe  oU  of  which 
are  Incorporated  In  this  tube.  Tbe  celbode  It  deelgned 
to  operate  at  136  raa/cm^  current  denalty.  At  (his 
carrent  dmnity,  cathode  temperature  can  be  kept  In 
the  range  below  T00*’C.  With  paaeive  nickel  used  to 
tbe  cathode  end  the  low  temperaturee  of  operation 
cited,  reaction  ratei  of  barium  oside  breakdown  to 
pore  barlma  to  the  cathode  can  be  kept  to  low  values. 
This  Inaurca  an  adequate  supply  of  free  barium  at  the 
cathode  to  milntaln  emletloo  for  a  period  to  «xceee  of 
la.OOObjaie. 

Ttda  supply  of  free  barium  would  not  be  adequate  to  the 
prcecnca  of  even  a  email  amount  of  ton  bombardmeto 
of  tbe  caihode.  To  acbisvs  Ihle  long  life,  loo  bombard, 
meot  must  be  eliminated.  The  ole^roetatlc  focusing 
system  ateompllabse  this.  Iona  genoraled  to  (he  hells 
Bsd  collector  rrglone  of  tbe  tube  do  no*  meet  (he  focus* 
log  condlUoes  for  stable  beam  flow.  Instead  they  are 
drawn  radially  outward  to  the  leaet  poeltlvc  of  tbs  two 


bolSeaa  e6  tta  kdBnr  bolls  and  am  nampt  oat  of  tba 
baam.  TW  toatmrtitrrliiieiit  of  tbe  oetfaoda  to  virtually 
olliwtiiotml  1W  iwnsintog  aonreo  of  Iona  to  dba  to 
tntaroapttoa  af  baaan  ourrato  «a  gm  alaatxods#  aad  tfaa 
Brat  toms  a(  flw  halls.  aWra  aoltaga  gradtaoU  to  tfaa 
gun  would  df  Ihnoo  Iona  Into  the  cstbeda.  Oood  atta» 
tton  to  booto  faanslBg  «fc«~«gti  thin  rogton  sllmlnaSnn 


Tbs  tnxMn  sawao  which  enost  grnasly  tilset  tid»  rhlto* 
biltty  ars  anfeagp  broakdown  within  the  tube  aad  hnatnr 
tnllara.  Thaangh  camful  daeign.  tfaa  mastokom  aoltoga 
gradtaat  acre  as  aaor  tosulmor  arlthto  iba  udas  to  13  ka/ 
inch.  Thta  la  a  eooBarratlTS  Optra.  All  insolatora 
acroas  addah  acHaga  gradlanta  asiat  am  pretaotadfroto 
•vtporatad  watal  deposes  which  can  lacmaaa  nhawoaa 
of  snrisoa  hawahdjast. 

Beater  feOiww  pnaalbll  Ulee  am  lalnlmliedhy  atotortog 
tbe  hatoar  itoa  the  cetboda  atmetnra.  Tbto  makes  lha 
beatar-oBlhuda  a  compact  tbarinaIly-)otned  mtt  aad 
radttoes  temgaralam  dlOerenca  between  bestor  and 
cathode  by  aggro sfantoejy  30€^.  Tha  hestor  oporataa 
muck  ooolar  tbareby  reducing  tbs  embrHtleawnf  of  tba 
wire,  tba  taadnacy  of  tbe  beatar  coating  to  crack  dur¬ 
ing  tbsrmal  atraas,  aad  tba  rhanca  of  heater  brwakapa 
due  to  vtetotaa. 

ocher  laetars  i*ldi  bear  «a  mliabflity  sa  eboteo 
of  ratoertahs,  yreceaatog  teebaiquea  and  cam  to  oua- 
atruettea  af  tba  toba  am  rigidly  ootoroUad. 

Owafga  tor  gnrironmewtal  Condltloea 


This  tidis  is  daaignad  to  sarrlra  dm  abock.  rlbratloa. 
and  a  HIT  alarm  kia  cotsUUona  Uuf  vlU  be  enoountered 
whea  tbe  espfpoeef  to  tbe  aafelllte  to  tbrongh 

tbe  latmcbtog  phase.  Tbe  further  rigid  reipilremeiS  is 
Impaeed  thai  k  aseet  also  be  capable  of  operatliy  whUa 
in  thin  lane  Thing  awTlronmeot  wUbotf  atompboDls 
dagradatlos  af  parformaaos. 

liicrcplMaic  ausWattoo  of  a  trsroltoj-waTe  tuba  eaa 
msuM  froaa  prlaaarUy  tbreo  tUacs:  First,  motion  of 
tba  belis  sMch  can  change  Ita  propagaUoa  propsrtlaa 
wilh  ttma;  ttiwiai,  relatlm  motion  of  tbs  rieetTonbeaa 
aad  bells  which  will  change  beam  bells  coupling  arltb 
tlma;  aad  TWrd.  mtotlra  motion  of  electron  gun  eleo- 
trodea  oo  torn  beam  curreot  will  change  lU  magaitoda 
or  pcattloB  wUh  time.  Each  of  tWae  poaathllttias  bars 
been  ellmiaalad  to  tbs  basic  ccamtructluu  pbUosopby 
tbs  ltd*. 

Tba  bolts  la  asp  ported  hj  a  stractnm  of  oaramlo  rods 
whem  each  tom  of  tbe  bells  to  glased  to  tba  rods.  TW 
helix  Is  rIgM/  locfcad  down  and  cannot  monra.  Its  prop- 
agHnu  ehamclarto'.ics  cannot  ebangs  with  tlma.  Tha 
cage  of  rods  la  to  turn  eapportad  by  r  tightly  fitting 
atlfl  gleoa  earelepa. 
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Tk*  b*«m  i*  (oeuMd  bjr  tha  ball»  iUalf  and  tkua  caBBOl 
ban  anj  nlatlva  motlai  «ttk  reap’  1  ta  It.  TUa  voald 
aot  be  tnn  U  fooualng  ware  provti'  by  aa  aatamal 
mafactlo  (ocaalng  atraetara.  II  tat«  mafaal  had 
any  relative  niotlaa  M  all,  aaterofhoelo  aiodalailtoa 
aroold  reaulu 

The  electroa  gun  la  built  la  a  very  raffed  faahtne  with 
(UB  elamente  made  ol  thleh  metal  pteoea.  Tlmaa  partn 
ar-:  held  In  place  by  a  cage  ol  roda  aihleh  raa  paraltat 
to  the  axle  of  the  tube  and  era  glaaad  to  them.  The  fia 
la  aupporled  on  ooa  end  by  mating  Into  Iba  helix  atr<in> 
turn  ehicb  guaraaCeea  parmananl  alignment  and  by  tha 
bUM  of  the  tuba  on  tha  other  end.  The  parte  are  than 
prevented  from  having  relmiva  moUoe.  Tha  eathorte  la 
aupported  by  a  etlU  conical  metal  alaeve. 


THa  aerk  la  aupported  by  the  n.a.  Air  rnroa,  Air 
Katarlal  Commanl.  imdar  WAK)  Coatraot  AT  $)(tddy> 
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The  entire  tube  la  rigidly  aupported  la  Ita  eapaula  an 
thu  relative  vibration  of  lutM  and  eapaula  parla  eanaol 


•  • 


Cooeloaloa 


A  microwave  tube  bee  been  deecrlbed  which  wlU  maat 
the  requlremeota  of  (be  output  etaga  of  a  aataUtte  born 
telemetry  tyetem.  It  la  capable  of  an  operating  lUa 
r.  eater  then  10,000  boure.  B  bu  sn  alflclaocy  capn- 
blllty  of  greater  then  30  percent  Including  tbn  banter 
power.  The  total  weight  of  the  encepauleted  tuba  la 
Use  then  one  pound.  Table  n  la  a  lut  of  the  alpilflcaal 
operating  parametera  end  characteiiatlea  of  the  tube. 


P  • 


Preipiency  range 

kfechenfeel  tuning 
Electronic  tuning 

Power  output 

Voltage 

Collector 
Cathode 
Helix  1 
HelU  3 


2000-2400  me 
4  2S  me 

19  aratte{mln.| 


Grotaad  potential 
-319  voUa*« 

990  voUa* 

3990  voHa* 


Anode  end  "Body  Collector"  1790  volte* 
Cathode  current  92  ma 

Tuning  rate  0. 9  me/  volt 

E(flclency(lncludlng  beater  power) >M  parcaat 

Heater  voltage  9.9  volta 

Heater  current  .94  amp 


Focuelog  meena 

**  with  reipect  to  ground 
*  with  reapect  to  cithoda 


.94  amp 

T.B  ozfea  an  ampll- 
fler) 

0. 9  oxfna  an  oaclUa- 
(or 

Eleetroetetle 
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Oporatlng  pirametara  end  cheracterlxtlea  of  eetelHte 
telemetry  empllller  -  oecUletor  tadM 


I 


tuTtuLtn  ui.iAin.nT  aoiibtkd  moves  coKrtmMixvt 
niratomwna  asd  nmcncMU  mnsc 


job«  tu  ASHfc.  fliniavUU.  AIa. 


i:rr:tooucTiQM 


On  13  Octob«r  19^9  ih«  Army  Stflllatic  Klvsllc  Agency  launched  lc0  fovrtfk  and  laoat  cowyle»  arttCJci'l 
Atrtk  aatclllca,  92.3  pound  Emplorer  VII.  It  vaa  orbited  hy  a  four*eCafa  Juno  11  wlaatta  with  tl»  itAm 
up^r  atagra  apln'etabUlxad  at  AM)  rp«.  The  project  vaa  ayonaaxcd  Vf  the  Hatloaal  AaronautUa  and  S^mtg 
AA«Ui(atrac*oo. 

The  rcaulta  of  tha  launch  are  veil  kf>own«  and  will  not  be  elaborated  rm  at  tbta  ttaa.  It  vlli  W 
recalled  tfrat  the  apent  fourth  aCage  rocket  waa  aeparated  aa  planned,  the  20  Megacycle  tumatlle  eerer*/ 
ayattiB  uarected  at  a  ccnCrollcd  rata,  and  all  arvaa  of  the  acfeacific  eepertaaova  oe  board  (otact tooeid 
nomallp. 

Uhlla  eatreoely  graclfyLng,  tba  eucccaa  of  cHa  aatallite  van  not  a  aurprlaa  to  choaa  faM|| |ar  ideb 
the  exhauctWe  teat  program  which  acco^aniad  all  pheeee  of  ica  JaualcpMaat.  Cvea  the  fllfM  ■ndtle 
chcaaalvea  vent  throueh  a  aodlfled  eovlrooctatal  taat  ectlaa  correapoadtaa  with  launch  and  orbit  cmM* 


commit  TttTf 


ttniet^ral.  *nM  doubl*  tr^aictt«4 
tetga  WM  Ml«ct«4  fta  tb«  OftlMB  co«Cl0vr«kt«a 
te  acraitftW,  «m«  of  aomifoctwro^  aiayjoto 
•olor  coll  orct,  oo4  convoalooco  of  ockloviog  o 
4i«k-lUM  SMC  dlccrtbutloo.  ‘n*  lotcor  cboroc- 
tcrUtlc  woo  oococoorj  oo  tbot  ofiLa  ocokiliootloo 
•f  tbo  1b  orbit  wlibt  bo  obtoioo4. 

A  Mtol  obBll  for  cha  MtoUito  woo  «D4ooir- 
able  bocauOB  of  odAy  curranto  which  oawld  bo 
laABcod  by  oottoo  in  rbo  oarth'o  wcahatic  field. 
It  woa  oartclpctod  that  with  a  watat  ohall,  oyia 
oo4  cooaaqoontly  apta  otablLUBtioa  wowld  ba 
la^t  bafera  tba  uaafal  lifatlaa  of  tha  aacallita 
oplrad. 

Uaolciatod  ribartlaa  woo  oalactad  aa  tha 

abtU  utarUl.  Sballo  ware  built  and  taatad 
white  otbar  pbooaa  of  tba  doBigo  prograaaad.  d 
Btatlc  load  vaa  applied  oloii|  tba  thruat  aaia« 
aad  •craaBoa  vara  ■aaautad  until  Suckiiod  failura 
acrotrad.  Tba  buckUag  pactam  cloaaly  followad 
tba  raaulta  of  a  watheoatleal  aaalyaia  which 
pracaded  tba  <1aaifin*  It  la  of  iataraat  to  oota 
chat  after  reaoval  of  tha  load  tba  aball  aaappad 
back  into  abapa,  apparently  aa  guod  aa  aaw. 

X  atructural  prototype  waa  tbati  taatad  under 
cooditicoa  aora  cloaaly  aiaulatlag  tba  actual 
lauachifig,  by  uae  of  a  rocket  aled.  Raaliatlc 
apia  of  tba  payload  waa  accowpllabed  throughout 
tha  acccIaracion«  and  agaio  taat  raaulta  wata  la 
good  agreement  with  theory. 

Separation  Pevlca.  During  tba  aborw  ‘work 
Qtbac  featuraa  of  tha  aatalUta  wera  being  dev¬ 
eloped  and  taatad.  An  laportant  eowpoaeat  waa 
tba  aaparatton  davlca.  which  (reed  tba  aatallita 
«4oa  the  apant  laat  ataga.  The  aeparattoo  vaa 
caaantial  becauaa  tba  aatalUta  with  rocket  aball 
attached  did  not  hava  a  dlak*llka  aaaa  dlatrlbB- 
tloa  and  would  hava  bagiA  to  ti^la  after  a 
relattvaly  abort  clma.  It  vaa  neccaaary  to 
provide  a  taall  relativa  aaparatloo  velocity  tc 
rcaova  tba  thall  froo  tha  vicinity  of  tba  aat- 
alllta,  yat  it  vaa  r«<|utred  chat  tba  aeparatloa 
i^olaa  ahould  lapart  no  dlaturbanca  to  eba 
aplmlog  body.  Tba  aeparatloa  davlca  waa  re¬ 
tired  to  b<  a  highly  rigid  joint  under  heavy 
bending  loada,  which  could  occur  aa  a  reawlt  of 
tranavarae  vibratlona  of  the  vahlcla  ao4  alan 
frew  poaalbla  nutation  o£  tha  upper  ata^aa. 

T^rca  different  aaparatlon  device  dealgAa 
were  taated  In  vlbratloBr  bending,  eod  actual 
operation  under  coodltlooa  which  gave  a  good 
approximation  of  the  dyoaaica  of  the  actual 
aeparation  In  apaca. 

A  aatcllite  with  correct  waaa  dlatrl* 

buclon  waa  built.  It  vaa  dealg;ned  ao  chat  it 
night  be  auapendad  oprl^it  from  a  cord  attachad 
to  a  ball  bearing  at  tra  center  of  grawlcy.  Tba 
body  vaa  thua  free  to  wove  In  any  Faterol  dlrac* 
tlon,  liova  up,  and  to  tilt  14^  about  aay  perpen¬ 
dicular  to  tba  aplo  axla.  Tha  eatalllte  half  of 
a  separation  device  vaa  fUcad  to  tha  lower  and 
of  the  dumy,  aod  tba  rocket  half  waa  aiowntad  on 
a  alwulated  fo'.«th  acaga  ahall* 

Vith  the  aaparatlon  device  joining  tba  two 
bodies,  the  upper  end  of  cha  auapenaloo  cord  waa 
atiacbcd  to  a  crane  book  and  cha  aaaaaAly  vaa 
lowered  to  a  npln  atooX.  Tba  stool  waa  doalgned 
to  Impart  aplo  through  friction  with  the  lower 


ami  of  ttw  siavlaCad  rochet. 

Vhea  a  spin  rata  of  xVi  rpw  vaa  achlavad* 
tha  aaaMbly  waa  lifted  a  few  lochaa  aad  a 
aapaxatioo  aigital  w«a  tranamlttad  through  a 
circuit  attached  to  tha  auapaoaioa  cord. 

tu  order  to  praweac  damage  to  tha 
aWlI  or  tba  apia  atool.tba  lactar  vaa  mmtod 
on  a  cart  which  waa  propollad  away  juat  before 
oaparatioa,  drawing  taut  a  adfaty  oat  behind  It. 

Tte  motion  of  cha  cart,  which  vaa  on  ralla, 
waa  alao  utillxad  to  iadnea  nutaclcn  in  the 
aaaaably.  An  ndjuatnbln  arm  ftaad  to  tha  cart 
could  ba  made  to  atrlkn  the  duoay  ahatl  with  the 
dealrod  iatarfaranca.  Thus  autatlona  wore 
ochlavnd  which  exceeded  by  a  aafe  factor  tba 
mailwio  ai^nctad  outacioo  after  injactloa  lato 
orbit. 

Tba  aeparatloa  davlca  which  vaa  finally 
aelectad  for  uaa  vaa  taatad  IS  tlmaa  under  tha 
above  coadULona  without  aay  malfunction.  High 
speed  camera  ohaervatlou  of  aach  avant  ahowad 
no  diaturhaAca  of  tha  aimulatad  aatallita  at 
aeparatloa. 

Briefly,  the  device  which  vaa  selected  for 
uae  may  be  described  aa  a  alx-ae^enc  C-rlng 
claag.  tha  aeg^nta  wera  drawn  against  tha 
upper  and  lower  mating  lipt  by  radial  arma 
engaged  la  a  central  gat  cylinder  aaaeably. 
Actuation  of  tha  device  waa  by  two  electrically 
fired  squlba  in  reduodant  array.  Svparatloo  of 
the  bodlea  waa  achieved  by  tha  axpantion  lapulen 
of  a  abort  spring. 

20  PC  Antenna.  Another  factor  which  vaa 
extremely  loportant  to  tha  auccaaa  of  the  ulaalen 
was  the  20  me  antenna  system.  A  turnatlle 
aatenoa  with  each  arm  cauel  to  1/1  vavelengtb 
fa2>oat  12  feet)  waa  apeclfled  tor  tha  20  wc 
telemetry  transmitter.  The  tr'namiLllug  aurfacs 
was  required  to  be  #14  AWC  or  equivalent,  Tba 
Mat  feasible  design  within  reasonable  weight 
timtts  was  a  ayatem  of  flexible  vires  to  be 
stored  within  tha  aatcllite  during  the  aaceodlng 
pt^se  of  Che  trajectory.  After  injection  the 
wires  would  ba  unreeled  from  the  apioning  set- 
ellita  at  a  controlled  raee»  and  would  be  aaln- 
caiaed  In  radial  eatenaioo  by  centrifugal  force. 

In  addition  to  Its  (unction  In  tha  telemetry 
link,  tba  astanma  ayatem  vaa  required  to  have 
physical  characteriatlca  vblch  would  result  la 
relatively  bt^  istea  of  energy  dlaalpatlon 
when  flexed.  Kelatlvs  notion  between  aatelltts 
aikd  eatenassy  aa  might  result  from  aatelUts 
saSRCtoB  at  aaparatlon  from  tha  fourth  atai*, 
vonld  ebua  dlaalpata  ensTiy  until  tba  body 
ratoraed  to  true  apia. 

It  vaa  decldad  that  tba  anteimas  abould 
esecend  (rem  tha  aatallita  through  alngla*atap 
taleacoplng  Teflon  tubas.  Tha  taleacoplsg 
featura  Incrasaad  tha  tnltlsl  cantrifugal  force 
oa  tba  aotenoaSa  thereby  aaaurlng  adaquata 
bmakavay  fores,  but  did  oot  Increaaa  tba  final 
centrifugal  fores  aa  Isrgar  weights  on  tot 
amteona  tips  would  hava  dona.  The  tubas  aarvnd 
tbv  further  purposes  of  dlatrtbuttng  tba  flaalng 
of  cha  vice  over  a  large  radius  at  Iti  point  of 
emcYftoce  from  tha  aatallita  ahell,  and  of  pro- 
wldtcg  a  larger  energy  dlaalpatlon  rata  undar 
flaaing  then  tha  bare  wire  would  hava  dona  • 

Energy  dlaalpatton  rates  of  aaveral  types 
at  wire  were  maaaured  under  tenalons  up  to  and 
Imclwdlng  tba  axpactad  centrlfugel  (orca  on  aach 


D£G/ieea  or  cvcir 

wirt  In  orbit.  potential  energy  differences  involved.  TImc 

A  .Inplr  (..ndulim  .r r «nf ■Txifit  nount.d  In  a  curve,  could  be  drawn  reprc.enilag  energy 

v.cuuB  eheaber  wee  utlltied  for  the  energy  dlaslpdtloo  loa.  per  cycle  for  rbe  full  range 

raea.uree>enl..  A  .Ix-foot  pendulun  uat  asrcobled  »•  dl.place^nt.  ob.erurd.  Integration  of  the 

with  the  c.ble  under  te.t  comprl.lng  the  ten.lon  curve  which  reflected  the  proper  cable  tension 

roonber.  The  upper  eu.pentlon  point  Included  a  for  orbital  condition,  yavc  the  total  en.rpy 

Teflon  utlffcnlng  tube  which  enclo.ed  the  cable  dle.lpatlon  for  a  given  u.cillatlon  decay. 

In  orbital  configuration.  Onnp.tl.on  with  the  Irnovn  race.,  energy  content 

For  each  te.t  the  penduli*  wa.  actuated  .1  of  a  certalo  nutatlnn  condition,  ae  well  at  the 

an  sngle  corteepondlng  to  the  parlmuw  expected  nutation  frer|uency,  gave  rl  ■;  t  1m  required  for 

nutation  angle.  The  aaplltude  decay  rate  vat  the  antenna  ay. lea  to  return  th<  aatelllie  to 

correlated  with  the  dl.placeaent  angle,  and  a  true  aptn. 

conalderatlcn  of  the  tyatea  geoaetry  plua  tha  Bending  fatigue  tetta  wura  perforaed  to 

known  aiaao  of  the  pendulua  weight  ahcnrid  tha  Inaurc  that  tha  eabla  would  not  break  befora 


20  Bc  AlTTBfHA  lUKLEASI  ItSt 


AAMNCDWT  (tDtlTED  LlTUtZCH) 
Iff  VACUUM  cnAxan 


ftii/  ofcillAtlon  vhlc^  o>:cur.  IV9 

cablt  «nd  tvjb<  MOCMblie*  vlt^tooff  3,600,000 
dcflecclolu  oC  30^  b«(or«  vblcb  cccgrrvff 

in  ««ch  cit«  At  «  point  of  •ttoclABOBC  to  tbe  ttot 
•itchlriA  rAtt«r  thtn  at  Cb«  poloc  of  naxlMM 
bandlnf. 

Tet\Alo«  t««tg  Qvgr  a  parlod  of  vc«ka  pro* 
eluded  th«  pogtlUilltp  of  caccaalvo  aloa$atlOff 
or  a  cretpAd*  fAll^*  orbit. 

Tha  CAbla  vblcb  vaa  accaptaff  cooprlaoff  a 
tvlfted  riberglAA  cora  wltb  a  bTaldai  con^octlvo 
layar  covered  to  turn  wifb  an  enroffad  Teftoo 
Jacket.  Tha  cabla  vaa  0.083  la.  ANMalda  4ta«ataT 

Tha  antanna  cabla  bavlof  baaa  aalcctad* 
taatlng  of  the  ralacaa  apacaa  proper  could  bagla.. 
Tbla  ayatm  Included  aa  Intagral  rlag  gaar  and 
apooL,  uttb  aeparata  uiodlog  gyooiaa  for  aacb 
ara  of  the  antannai  a  raduectoo  fiaar  trala;  aod 
an  alaetrle  aotor.  Tha  ring  gcar'^apool  flttad 
over  tha  central  iaatnMant  coIihi  of  tha  Mt* 


alUta  and  vaa  eountad  la  tha  a^aatorlak  pLasa. 

A  aoall  nagatlva  (or9ua  vaa  aaartad  bp  cMa  drlva 
ootor  until  tha  rclaaaa  algaal  vaa  racatvad*  la 
ordar  to  praveat  craeplng  out  of  tba  atfcaaaa 
under  tha  coabload  affacta  of  ceatrlfvgal  Cvrea 
and  vibration.  IhJrlog  ralaaaa  tba  aaoviff  wi 
vlra  raealntng  on  tba  epool  vaa  ia>ottvraJ  aad  at 
tha  proper  tl«a  tba  notor  vaa  atnpgai  and  thm 
tranenlttar  avltcbad  to  tba  aataxkoa  apvtan  fxr« 
a  dtaaip  load. 

Taata  of  tba  ralaaaa  apataa  bogaa  «itM 

raleaaaa  Cron  a  fiatura  rlgldlp  ffcnaitad  tm  a 
apta  atool.  In  air.  Vhtla  abort  vlraa  bad  to  bo 
uaad  bacauaa  of  arooapHarlc  drag,  tbo  a90  of 
coopa&aatlng  oaatae  oa  tha  antooaa  tlpo  ponAttod 
proof  that  tha  oechanlam  oporatod  proporlp  oodoT 
caotrlfugal  forca* 

ffavt,  a  naae-corract  flxtom  vaa  r—»Ttict.4 
.l.tl.r  to  th«  00.  u.«d  for  fourtk  .ui^. 
tloo  t.ft..  A|.Ui  th.  (Ixtuxo  MO  toc 


•  lupcruloa  at  Ita  ccotn  of  *ravlcy,  bot  wUhout 
a  baarlnf.  In  thla  taaa  apln  waa  layartad  ta 
th«  body,  through  tba  corJ,  frcw  an  oyathaad 
actor  and  magnetic  claCcla.  Aa  before,  cba 
fixture  poitcaaed  flea  Jrjreca  of  freedoa,  aa4 
could  tilt  1**  about  any  mala. 

Incorporated  In  the  overhead  aaacnbly  vere 
aocketa  where  wetgjica  nUbt  be  held  aagivettcally, 
to  be  dropped  when  dealxad.  The  weight,  atrlklng 
the  tplnnlng  fixture,  Imdnced  nutation.  la  thla 
way  obeetvatlone  of  tba  dytuelc  behiulOT  of  body 
and  wlrea  could  be  made  mnAet  tha  worat  axpactad 
condltlona  of  reteaaa  ta  a^aca, 

for  aafaty,  teatn  aarra  flrat  parforacd  U 
xacuua  with  Halted  relaaaa  of  tha  wlrea,  with 
and  without  nutation.  Tbraa  taata  beU|  auccaao* 
ful,  aeven  full-acala  taata  ware  run  U  tbcu\b, 
with  excellent  raeulta.  Tba  nutetloo-Amplnf 
ehlllty  of  tha  eyatca  waa  found  to  be  epproxl- 
metely  ee  predicted,  allMclng  for  the  eelf* 
danplng  cherecterletlca  of  the  alnulatcw  awt- 

elllte  which  were  abaaaiad  without  antenna 

ralaaaa. 


noToim  Ttsme 

At  thla  tin#  tha  flrat  yrototyya  waa  co^ 
platod.  CnxlronaMntal  taetlM  bf  Individual 
alactronU  packagaa  and  powar  aupply  conponanta 
had  acconpanlad  tbaLr  dawnleyant.  gnduttoa 
atudlea  had  baaa  nada,  natag  mockopa  alnllar  to 
tha  actoal  aatalllta.  Kow  taata  of  tba  coaiplata 
aatalllta  la  aaaanclally  final  fora  could  pro- 


Tharmat  lawnatlantlena.  tatanalvn  Charnel 
axperlaianta  vara  porformd  on  a  pretocypa  ta 
Inauro  that  a  pv'tlww  ayalea  of  tcuperaturc 
control  could  ba  daalga^  to  anlataln  tba  tv 
paratura  of  aanaltlwa  coapeaania  within  fr»> 
aertbad  llalta. 

Elawan  anparloonta  ware  porfonad  with  tba 
ptntotypa  In  wacuua  of  batter  than  1  K  10~*  aai 
Bg  In  Older  ta  dotcralna  Intamal  conductlvo 
md  radiative  aaal.~riga  charaatarlatlca.  Par 
cbaca  taata  tba  ptotecypa  waa  chiliad  to  a  low 
tai^iaturo,  aaaally  •2t)‘’C,  amd  a  heat  acap  waa 


•Itber  to  tHo  eotlro  o«rtlllt«  or  to 
••Wcted  ore«f  bj  clooo-fltclng  «l«ctrlc  heotef 
blrnkcCt.  Th«  prlaory  Inner  surfafct  of  tbo 
•boll  or  port*  of  tbo  ab«ll  w«r«  r«l*»4  too* 

BO  or  90  C«ntlgro4o  on4  bcl4  ot  o  coo- 

•toot  ^pa^raturo  hj  oor7lng  tbo  blaokot  voLtogoo. 

Ab«oi-ptlofl  *04  OAlailoa  cUaroctorlotlc*  of 
t^  oxtcrcvol  •urfocos  wore  dcc«rmloo4  by  •loplo 
laboratory  toaCa,  ao4  thia  Inforoatloa  %iaa  oaed 
io  coojoaetton  vltb  tbo  evaluattoo  of  tbo 
lotamal  cbaractarlatlca.  Tbo  paaaloo  tberoal 
cootrola  raaultlag  fro«  tbo  toata  wero:  potlabod 
gold  foil  oa  tbo  central  colitf\(  potlabed  att^- 
OMB  foil  tckaldo  tbo  oquatorlal  bar>d»  politbe4 
altsloia  foil  oo  tba  tactary  packn,  tltaolua 
dlouldo  paLrt  on  tbo  Inalda  of  tbo  coaaa^  aaad- 
blaatod  aluainua  foil  on  tbo  expoaed  PLberglaa  of 
eba  exterior,  and  Cobtda  on  tbo  aotar  cell  franaa 
Tba  foil  vaa  applied  la  le^ecta  to  olalalsa 
eddy  curreota  and  tba  -.pace  between  external 
foil  ae|?icnta  vaa  cot  rred  with  gray  paint.  A 
redealen  of  battery  box  aup^rta  t#aa  required 
by  tUa  reaulcs  of  the  thermal  loveat Igat iona. 
Tem^ratura  control  of  Explorer  Vll  la  orbit 
baa  beaa  excelleot. 

Cnvlronr-^ntal  Teattnx.  An  cnxlrofXMQtal 
prototypa  vaa  coc.pleted  and  a  taac  program 
atartad  which,  inaofar  aa  ptactleal,  almulatcd 
launch  and  orbit  eoolronaonta  to  which  the  aat* 
elllta  would  be  at^Jected. 

All  new  aatenna  rclcaae  ayatem  com^nenca 
havlog  bcoa  Inatalled,  It  vaa  coualdcrcd  deair- 
abla  to  chacb  gear  frlctioo  by  aionltorlng  drive 
motor  currant  under  vartablo  force  au>cb  aa 
would  be  axperlerKtd  In  orbit*  Accordingly^ 
a  device  vaa  coiutrucLad  vhtch  eoploycd  a 
weighted  chain  drawn  ever  a  aprocket  by  gravity. 
Tble  apparatua  permitted  the  aoteofvaa  to  bo 
pulled  out  by  a  drawbar  arrangement,  cloacly 
alanilating  cha  incrcaalng  centrifugal  force  of 
actual  releaaa  under  spin.  Tha  aatclllte  vea, 
of  couraa,  held  atatlonary  for  thla  teat. 

After  careful  dynamic  balanctag,  tha 
prototype  waa  apNn  at  (00  rpm  and  luatr^aento* 
tloa  vaa  oonltored. 

The  laatrumeat  colwt  vaa  subjacted  to 
thirty  2)  g  ahocka  without  damage. 

Tba  prototypa  ve«  eubjected  to  random 
fbotaa  vlbratico  In  the  thruet  dirvccloo  and 
on  tvo  perpendicular  traneverai  axee  at  20  g, 

13  g,  and  13  g,  reapect Ucly .  laatr\Baeatatioo 


wag  mooitorod.  Aa  a  raaolt  of  the  vlbratiom 
testa  the  rlveta  featcaiag  tha  lover  cooe  to 
tba  aeparatlqa  device  ware  Increaaed  lu  alto 
aod  tha  battery  box  mommtiag  waa  cadealgDed. 

Tha  latter  ebaoga  waa  thermally  unset  la  factory 
faae  abo^)  and  waa  ooca  moro  redaalgned  and 
vibrated.  Aa  Inveatlgatiom  waa  made  of  vtbra* 
ctoa  «Bplif Icatloa  at  varloua  polota  om  tba 
prototypa,  with  particular  mttentlorn  to  tbo 
aolar  cell  aaaembly. 

An  accalcratlom  of  gO  g  waa  applied  to 
tbo  prototype  for  three  mloutca  oo  the  ceotrlfuga. 
TXte  to  algnlficant  gyroscopic  forcea  which  would 
have  rcaulced  frees  apla  of  the  •acelllce  about 
Ita  own  axle,  <c  waa  permitted  to  remaia  fixed. 
Later  tba  Instrument  coIha  atooe  wms  apua  with 
centrifuge  rotatlom. 

Tba  prototype  waa  placed  la  a  wsciaa 
chsmber  and  lasCr\Meatatlom  operatloa  was 
checked  at  staj^lllacd  tmatr^aaenc  pseksge  tem- 
peraturea  of  0  C,  30  C,  amd  60  C.  ^aasura 
during  tha  checks  was  shout  6  X  10'^  mm  Hg. 

Exrcaslve  Ry  checks  wara  performed  to  com* 
elude  the  envlromeotal  teat  progm.  field 
atrength  mcaaoreiAcnta  wera  made,  and  It  was 
determined  that  transmission  from  beneath  tha 
shroud  was  adequate  for  tracking  during  tho 
ascent  of  the  miaslla  befora  shroud  separatlom. 

yI^^ht  Acceptance  Testing.  Both  flight 
models  vert  aubjected  to  test  programs  which 
w.  Tc  CAscnttslly  the  smee  ss  the  envlroraaental 
piotocypa  test  program  described  above,  tamm 
teiuctlona  were  made  in  the  severity  of  mech¬ 
anical  testa  to  avoid  fstlfua  prior  to  lauDcV 
log* 

cmaosicMS 

It  Is  apparent  from  the  successful  opera* 
cloo  of  fxploter  aatcllltea  orbited  to  date  that 
there  la  considerable  merit  in  a  philosophy  of 
virtual  1001  environmental  testing  of  all  aov* 
ellite  components,  loctodtng  flight  hardware 
and  final  conf IgurAtloso.  While  this  approach 
will  necessarily  be  modified  as  satellites 
becuoe  larger  and  cowpooeota  become  more 
acandardired,  rbc  experience  being  obtained  now 
will  be  a  major  factor  In  tbe  development  of 
future  design  and  tcstlag  paramatera. 
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A  COMPACT  OHF  vmJEXMM  WOB  AFPUCATIONfl  IKVOUVINC  ROCKCTS  OR  8ATEUL1TBS 
Sy:  Mr«  9mm  K.  P^Huir^  Hagba*  Alrcr«A  ConpAttf 


ThU  «ofnp«ct  ORP  mmM  wmm  4«- 

v«lop«d  to  pormli  m  11  — tt  KTAaMaiMv  aad  a 
•entltive^  low^ooiM  rscoivor  to  ny ff ■  oImM* 
tAoeoualy  witk  *  aLBiW  hatfa fM?n  wMlft  cmrrUd  Vf 
a  kigh-alUtwW  rocket,  b  tkle  tnmmamtm^  ndb- 
r«Uy  acrvlca  emm  ke  prayida  or«r  g,iaart|  «>« 
icMl^  dietaaco*. 

TIm  m^}or  objtctrrta  b  iIm  4m^  MtMa 
dipleaar  arac 

a.  Aa«qaaU  ayratiootl  taalatl—  la 

required  Wt^ea  tka  tra«a»lttoraa4 
raccivar. 

b  tMcrtloa  iaaa  ketwaca  dha  traaroiit- 
tcr  aad  atdenna  akould  ka  kajq  aa  low 
as  practlcakla,  to  rnaaarra  vababla 
trantmittor  powar. 

c.  Atleoaatioa  b  aBceaa  af  M  db  at  tka 
transmilti^  fraqueitcy  b  ra^drad 
/or  r«c«iaar  bolatlow. 

A.  Specc  aad  weight  cnaat  faa  Raid  to  a 
practical  coimcrmin,  coaalateai  arltk 
reliable  pertoranaacc  aboard  Ikt 
rocket. 


Pig.  t..  Ceneralleed  diplaaing  ayateia 


le  opened  aod  akortad.  Deootiiig  the  difliraaca 
between  tka  open^circuit  and  ahort^clrcult  Im- 
pedancaa  cl  a  linear,  peaaiva  nafcwork  ky 
wa  may  write 


AZ 


ZZ 


alnb7a 


(0 


where  Z|  le  the  Image  Iknpedanca  and  a  la  tha 
attenuation  conetant.  li  a  la  3  nepera  or  larger 
(roughly  Zb  db  or  more)»  AZ  la  generally  quita 
email,  aa  Indicated  by  the  approaimatloa 


Tbeee  performeeca  object! ran  artra  re* 
qolrcd  with  the  tranenattieg  uid  recelriag  fra* 
queociee  aeparated  ro«q(hly  tea  yrewat.  (Fov 
initial  etudica,  (reqocaceea  mi  8  lb  bmI 
Zb4«7  Me  wera  aeaigtod.) 


n.  Operattooal  leolmtioa 

The  prereotifm  mi  aaceeeiva  ItoerirHoa 
doriog  tuning  operatiooa  al  the  aaaociatod  trmaa* 
miner  and  receWer  ie  a  major  rcquivcnaeei  b  a 
ayetem  of  tbia  type.  It  would  be  quite  Imprecti* 
cable  to  attempt  to  epecify  the  diClarcnC  rabea 
of  impedance  preeeotad  ky  a  claaa  C  pa  ear 
amplifier  and  a  comituMicationa  recatoar  during 
typical  adjaetment  proceduree.  Thla  ia  parlica* 
larly  true  of  a  claaa  C  atnpUlier  wboaa  mtpei 
impedance  ie  both  nonlinear  and  cHknanatytiCy 

b  recognition  mM  Ihiv  altoation^  c  practi¬ 
cal  aolutioQ  to  the  equipment  interaction  problem 
ia  afforded  by  a  conaideration  of  Umitiag  co^l- 
tiona  which  include,  of  coursa  ,  an  npan-  and  a 
abort-  circuit.  R^^pbraeing  tbe  problem  with 
reference  to  Fig.  I,  tke  load  impedance  of  tka 
traoimitter  operating  at  frequency  ahonld  re¬ 
main  reaecoably  coaetant  aa  the  Z-Z  port  ia 
alternately  opeo-circoitnd  and  ahort-oircattad. 
Similarly,  the  impedance  ol  the  eqairaleb  aoarca 
auppling  a  eignal  ta  ih*  receiver  at  fi'.-qncncy 
ij.  •iK'uId  oui  KJi4«oge  appreciably  .19  inn  S-S  port 


dz, 

AZ  t  (-2:3).  (D 


Thie  approach,  of  courac,  rcqulrea  acme  know¬ 
ledge  of  Z]  at  the  fraqueuclea  of  Inlereat  in  tha 
attenuation  banda  of  the  diplening  network. 


m.  Combining  Network 

In  rocket  and  aatcUila  appUcatlona,  it  la 
apparent  that  raluable  tranemitter  power  ebould 
not  be  wnalcd  onaeceaearily.  It  followa,  there¬ 
fore,  that  the  tranemlttlng  branch  of  n  diplexLiig 
unit  ebould  not  be  deelgned  to  prorlda  exceeeira 
attenuation  at  tha  recelring  frequency  or  elee 
aaceeelva  loeaee  at  tha  tranamUting  Iraquency 
ara  bound  to  raaulU 

In  conaequenca  of  the  foregoing,  aepeclal 
combinbg  network  waa  formulated,  aa  illuatratod 
io  Fig.  2.  The  technique  ia  quite  comparable 
to  that  employed  by  Otto  J.  Zobel  ia  hia  frac- 
tional*K  terminated  fllterai^  but  our  problem  ia 
aomewbat  aimplified  by  the  fact  that  wa  are 
concerned  primarily  with  only  two  oparatirig 
frcquenc lee. 


*U,5.  Patente  No.  1, 557,  229  and  I,  557,  230, 
both  iaeued  13  October  1925. 


9  • 


1 


•  • 


!  Ul 

t 

\ 


1 


.*•  .'a 


I 


VI 


a  •H,i 

1 


«> 


a.  At  trtnatniltini  fraquancy 

*,/t  *,ft  *1'*.  *•" 


ri,.  z. 


Baaic  combining  network, 
aasumins  loaelaia  eVen>anlo 


R.l.rrUgloFig-  Z.  «a  .cum.  that  tha 
amenaa  provide,  a  cooHanl.  re.laliv.  load 
at  frtquencia.  1,  and  f,.  In  thi.  t-r'.cuUr 
apidic.lion  «e  may  further  aa.ume  that  lha 
nitnork  .hotUd  pre.ervt  thi.  ..me  v»lu.  of 
re.i.taaca  to  both  th.  Iran.mllter 
catvc  at  their  r..p«ctW.  operating  frequencl... 
Thu.,  In  tlvia  ea.e,  tha  equivalent  iran.milUn^g 
and  receiving  network.  wtU  each  be  .ymmelr.cal 
(Li  .  L3  and  Cf  »  Cj'l  and  th.  following  re- 
ifttioothip*  •pp'y“- 

.  1  nW 


-  •  “t  ‘'z  • 


^  L  •  W  Id*  * 

•'r  t  r  Z  -,<'1 


“tS  *  — rTTi — r~\ 


-,c, 

Perbap.  Fig.  1  may  be  helpful  in  vl.ual- 
iting  the.,  circuit  condition..  The  •*P'***‘'’“* 
(laUod  (3b)  denote  re.onanca  In  »'**’^"*’* 
.bunt  arm.,  of  cour.e.and  t’c)  and  ‘^d)  in.ur. 
equality  of  th.  rt.unt  arm.  of  *.  . 

..network..  The  final  pair  of  equation.. (3. )and 
(in.denot.  th.  f.ct  that  th.  impedance  aeen  at 
each  haU  of  thea.  •  -network,  mu.t  be  purely 
re.l.live  (X,  or  X'  •  0),  when  It  t.  ...umed 
that  the  tranamltle'r  and  the  receiver  pre.enl  an 
Impedance  Ri,  at  their  operating 
AllbouKh  thi.  laat  aaaumpuon  la  not  reall^.ed 
practUe.  «•  previously  explained,  H  l.adi  to  the 
preciae  tranairda.ion  characterUllca  dc.lred. 


b.  At  raceiving  frequent ,  1.  T  * 

Fig-  3.  Combining  network  alniplUliedfor 
different  operating  frequencl#. 

From  the  foregoing,  it  i»  clear  that  tha  iwt- 
work  of  Ftg.  3(a)  i.  capable  ‘’'''•’‘T 
tranamia.ion  at  f,  and  of  con.ideraW.  all.oua- 
lion  at  f..  Th.  a.tuation  i.  Ju.t  the  “ 

Fi«.  3lbV  WhUe  beyond  the  acopa  of  thi.dlcu. 

•  ion.  method,  for  extending  the  analyai.  to 
include  reactive  load,  or  to  effect  nominal  Im- 
p'daoc.  tranaformatlon.  ar.  aelf-.viaent. 

IV.  Brldg.d-T  Network 

Although  the  .peclal  combining  nelemrk  can 
provide  ample  operational  laolalion  and  to» 
ineertion  loaa  eo  detlrable  in  the  tran.mltll^ 
arm  ol  the  diplexer,  addilional  attenuation  le 
required  at  the  tranamitting  frequency  In  the 
receiving  arm.  In  probleme  of  thi.  ‘rP** 
per.ence  ha.  ehown  that  the  bridg.d-T 
can  provide  important  advanlagea.Z  Aceordi^y. 
effort,  were  directed  toward  the  development  o« 
a  model  suitable  lor  UHF  applicallone. 

Being  a  true  null  circuit.  bridged-T  oelworke 
ace  capable  of  inlinite  attenuation  when  diealpa- 
tion  inherent  In  all  reall.able  network  elem^n 
of  a  paaaivc  nature  i.  taken  Into  account.  The 
expre. Slone  which  eelsblieh  a  null  or  balance 
condition  may.  of  couree.  be  derived  in  a 
variety  of  way..  Probably  the  mo.t  direct  ap¬ 
proach  ie  to  equate  to  aero  the  eum  of  the  cur¬ 
rent.  through  the  T-network  and  th»  bridging 
arm.  a.  explained  by  TuUl«.  >  AUarnatlrely. 
one  m  y  equate  the  open-circuit  and  the  abort- 
citcuil  Imp-dance,  of  th.  network.  In 
ueing  the  general  network  configuration  In  Ftg.dtai. 
the  balance  equation  le  ^ 


^SeeU.S.  Patent  No.  Z.  7  7  4  .  04,9  for  trnn.mlrter 
multiplexing  eyetem,  laaued  to  the  aolbor  on 
1 1  December  19%6* 

^W.  N.  Tuttle.  "Bridged-T  Parallel-T  Null  ^ 

Circuit,  for  Mea.uremenl.  at  RadioFrequanei#.. 
Proc.  l.R.E. .  Vol  Z8.  pp.  Z3-Z9,  Jaanary 
1940. 


.  C.  V.  V.  . 


.  .  «*-  -t*.  q*.  • 


462 


i  'TT-.V- 


'»•■',•.▼:  "7^: 

-'il 


General  form 
Fig.  4. 


%  Symmetrical  form 
Pr«4g«d-T  networka 


In  the  aymmetrital  caee  ai  Fig.  4(b)i  with  which 
we  ere  coQc;srned  ia  thie  afrpUcatiOA.  the  ex> 
preeaioa  for  e  null  condition  becomes 


=.(■•.-17) 


* 


(5J 


a 


S:  1 


-r-1 

!  I 


U  equation  (S)  ie  writtem  in  complex  form  and 
the  real  and  imeginarp  porta  arc  equated  to  aero, 
the  conditiona  for  aero  tTanamiaaion  are  found 
to  be  (eincc  R  1 


R,  ♦  R, 


X.  ♦  X, 


".X.X. 

r,x7 

1  1  z 

_2_J_ 

iz^l  ^ 

Vl 

<12^1' 

i  0 


(6*) 


(bb) 


Turning  now  to  (iM  tr*ntmit>ion  charic- 
terittica  of  the  tymmwtrieal  bridged-T,  the  eic 
preaeion  (or  the  image  impedance  ia  helpful: 


Thia  ia  recogniaed  aa  the  irnage  Impedance  of 
the  aymmetricaf  Tenctwork  muUipUed  by  the 

factor  M  A/lTil  ♦  k)  where  k  •  Zj/Z^. 

U  we  conaidcr  the  fact  that  the  operating 
frequencica  are  rclativctir  cloae  together,  the 
foregoing  expreaaiona  eoggeat  the  uae  of  the 
network  configuration  abown  in  Fig.  9.  At  the 
"paaa"  frequency,  coneidcrablc  aimplification 
reauUa  by  making  Z|  an»ell  compared  both  with 
Z4  and  with  4Z^  so  that  equation  17]  become# 
approxtmaielyr 


“I 


(8) 


provided,  of  courae.  thad  Z|  and  Z>  are  inverae 
reactive  arm*.  Obriovaly.  aome  of  theac  re- 
lationahipa  are  incnnti»icDt  with  the  null  condi- 
tiona  since  equation  (b)  abow#  that  if  Z|  ia  amall 
compared  with  Zjr,  thee  Zj  and  Z4  will  be  cf 
somewhat  connparable  iraagnitudea  at  the  "atop** 


Fig.  S.  Rridged-T  network  form  indicated  ky 
the  desired  tranamiaaion  and 
rejeciioft  cKaracteristica 


frequency.  A  convenient  method  for  alleviating 
thia  problem  la  to  design  the  series  arms  (Z|/2 
in  Fig.  S)  for  large  reactance  changes  with  small 
loss  components. 

In  the  UHF  Ireq'iency  range,  these  con* 
aiderationa  practiialW  preclude  the  use  oflumped 
elements  and.  in  consequence,  resonant  lino 
sections  were  employed.  The  major  design  con* 
aiderations  will  be  ^aplaincd  with  reference  to 
Fig.  6.  For  a  dissipationless  open*circu»ted 
line  of  Fig.  64a],  the  input  reactance  ia 

.  -Z^col^e  (9) 

and  the  slope  of  the  reactance  curvo  ia 
dX  Z  a  , 

i~  .  c.e‘p,  (10) 

F 

where  Z  is  the  characteristic  impedance  and 
pa  =  Zw  s7k  =  ws/v  .  With  the  use  of  odd  multi* 
plea  of  quarter 'V'aVc  sections,  the  slope  of  the 
reactance  characteristic  ia 


dX 

a 


1  I  Z  a 


(1U 


For  a  large  slope,  therefore,  the  characteristic 
impedance  and  the  resonant  length  of  line  should 
be  large.  Since  these  consideration#  are  some* 
what  in  conflict  with  requirements  for  low  dis- 
aipation,  however,  the  actual  units  wera  con* 
acruoted  with  effective  lengths  near  ^\J4  and  with 
an  effective  value  of  Zq  aomewhat  in  excess  of 
1 00  ohma* 
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«.  Ba»ic  )in«  ftcct>on 


b.  Helic:4l  r<r«onAtur 


F,,.  6.  D«velopmcnt  of  bif ila r •  v.ound 
r«»onator«  employed  m  acriev 

U«c  of  a  resoivator  a»  indic4te<i  inTi^.  b(b| 
for  the  teriefl  arm4  may  introduce  aerioua  prob* 
lem«  a«  a  result  uf  the  sKuni  m  piedance  to  the 
shield  fi.e.  .  to  j^roundl.  It  la  cK-ar  that  if  the 
open-c  ircuilvd.  l'*o*u.ire.  balanced  line  provide# 
a  lo«'  input  impedance,  it  may  aNo  provide  a 
low  impedance  :n  the  voamal  mode,  aasuminf; 
that  the  electrical  Kmctht  arc  comparable.  Use 
of  the  dielectric  sleeve  shown  in  F idb)  afford# 
an  effective  means  for  solution  of  iKia  problem* 
however.  Alter  the  Ovsirvd  value  of  •• 

obtainei  by  aujuktinvot  of  the  added  (tuninyl 
capacitor  C^.  it  ha^  \x-%  n  tound  to  be  a  iclative* 
ly  sunple  mitter  to  ir.hcrt  an  adjustable  Teflon 
sleeve-  afwi  .ippruximatv  ant i •  resonance  fi. c.  .  a 
half  wavelength!  in  the  t  uax'.al  mode*  Through 
carefvJ  design,  relatively  littU-  dielectric  s'ewe 
IS  recfuired  and  the  dvluntr.g  effect  on  the  ba|* 
anced  line  is  almost  negligible. 

With  regard  to  the  -hunt  arm  7.^.  the 
desti^a  detail*  were  inl  lucn^  t-d  by  t  rai*smta»>ion 
and  »oppre» ';on  4  un  •>idi-ratiwn'>  .iltke.  For 
transmission  f^,  ^  should  bv  largely  reac- 

tixe-  and  Ihr  in*er»e  of  7.  | ,  m  aCcorO  aiicv  w  itK 
rcjo^lxm  fM).  <nd  for  effc^liw  »uppre'«iun  at  f|. 
it  i»  Convenient  to  p-oN  ide  appropriate  senes 
cumpaneM s  oi  7-^  by  adding  .«  rraisiur  as 
indicated  in  Fig.  5.  In  the  UIlF  f rrqu^  nc y  range, 
this  method  for  approximating  the  balance  cundt' 
lion*  appears  to  be  preferable-  to  the  use  of 
!«eiirs  resistance  in  the  bridging  arm  without 
adding  loss  components  in  any  arms  of  the  T* 
Section  — an  approach  whuh  ha-  bi-cn  found  quite 
saiisfailory  at  low  r<«diu  frequencies* 

Perhaps  a  numc-ru  h1  example  will  best 
ilbi-ktratv  thf  dvitign  proevdure  which  h.i*  been 
followed.  At  the  ”t  r.«n-iT»  1  •»^l^n”  fr<’qiivn«y  of 
the  LridgcU-T  net-^ork  (ib4.  7  Me),  each  helical 
resonator  wa*  initiiilly  adjusted  to  give  .m  input 
rc-at  lance  of  »jS  ohms  (.» rbil r.i r il y  sc*U't  Ivd).  the 
TeflMO  •l«-eves  were  **<jj'jstvd  for  anti  *  resnnans  e 
in  the  toasial  modv.  .irvd  the  resonators  were 
re,»d^jstcd  slightly,  as  required.  Themcasured 
v-bie  <»f  /.|  was  found  to  be  about  Z  *  jlO.  An 


impedance  of  SO  -  j2S0  was  constdcied  r###<m> 
able  for  the  shunt  arm  and  was  provided  by 
a  rcsiator>inductor  combination  (about  90  *  j)30) 
to  parallel  with  a  capacitor  (tuned  to  give  >jlS0)« 
Under  the  approximations  associated  with  «9U4- 
tion  <8).  Uie  image  impedance  waa  roughly 
SI  ohms.  The  impcdancca  Z\  and  Zi  wer#  then 
determined  at  the  rejection  frequency  (240.# 

Me)  and  found  to  be  roughly  6  •  j200  and  93*3304 
respectively.  When  these  values  were  eubatl- 
tuicd  in  equations  (6).  the  components  of  the  br  idg* 
tng  impedance  Z^  required  for  a  null  were  com* 
puted  to  be  1.4  *  j230.  6.  These  values,  of 
course,  were  readily  approximated  by  a  aerie# 
rombinatica  of  a  coil  and  variable  capacitor. 


V.  Physical  and  Clectrical  Characteristic# 

Two  views  of  a  4.omp]ete  dtplexing  untt 
are  show-n  in  the  photographs  of  Fig.  7.  This 
unit  has  ^uicessfully  withstood  acceleration#  up 
to  ISO  g  a>  well  as  other  environmental  test# 
neevs.-tary  for  high*sUitude  rocket  application#. 
The  entire  a»sr«^bly  weighs  slightly  less  than 


<i64 


Fi*.  7.  Photographs  of  the  UHF  diplrscr 


inUudea  1*  Fif .  8  with  iadlcatiM  mi  th#  tfmm^ 
partmentatiOQ  employed.  Im  addItWw  to  the 
special  combining  and  brkSged'T  ociworha  die* 
cutted  prevloaely.  the  rocaiviag  circmit  U  aeea 
to  iccluda  ee  additional  m  -aoct&oo  posteraed after 
ponioaa  of  the  comhiaia^  networlu 


Fig.  8.  Complete  echeroatic  dia^raao  ehowinf 
shielded  corapariincnia 

Mcaiured  in«ertia«  loee  cAaracterietice 
are  indicated  in  Fig.  9.  The  iaecrt  in  this  figure 
gives  data  on  vneertion  loee  and  VSWR  which  are 
pertinent  to  ihie  particular  applicatsoo.  The 
value  of  the  attenuation  peak  at  the  transmitting 
frequency  was  too  large  to  mcaeere  with  readily 
available  facilities  and  instrumersLaiion.  Howsver, 
it  is  known  to  exceed  100  4h. 
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Fig.  9.  Measured  perfornisnce  chsrsctsristies 
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Imroductton 

In  the  field  of  low~nol»e  microwk-ave  ampllflert  tAe 
foremost  eompeiUors  are  (1)  the  maser.  (2)  tbc  aolld- 
state  diode  paramclric  amplifier.  t3)  the  beam-lype 
parametric  amplifier,  and  (4)  the  lravchng*wav«  am¬ 
plifier  The  intent  of  this  paper  la  to  discuss  the 
youngest  of  these  devices,  the  promising  and  some- 
>khal  mysterious  bi'am-typi*  parametric  amplifier  and 
the  oldest  of  the  grtxip.  the  vcrK^rahlc  but  tenacious 
t  ravel  ing^aave  tidM- 

This  paper  begins  wuh  a  background  dcvelopmcm  of  the 
low -noise  traveling-wave  amplifier  from  Its  inceptioo 
to  recent  results  on  broadband  tubes.  The  possibilities 
uf  future  improvernenl  snd  frequency  extension  arc  dis¬ 
cussed. 

Tbc  logical  dc\tlopm*:nt  of  the  beam-tvpe  parametric 
amplifier  is  presented  nert  with  reference  to  the  orig¬ 
inal  work  of  Adler  and  Uade  Present  design  trends 
arc  outlined  wuh  vmph.isis  on  operation  over  broader 
frequency  bandwidth  A  (in.al  se'ction  discusses  sonte 
of  the  systems  problems  involved  in  the  use  of  these 
basicillv  compi.'t  It  ivc  deviecb  Spvstal  att«.r.Uan  IS 
paid  lo  the  question  of  effective  system  rtola4.'  figure 

Low-Noise  Traveling-Wave  Amplifu  ri 

In  the  following  an  historical  background  uf  1ow-ra>i9« 
trayeiing'wuvr  tube  dcvelopmenl  will  be  present^  as  a 
basis  for  evaluating  present  results  and  also  to  allow 
i'Xt  rjpolaMon  Implicit  in  such  a  presentation  is  the 
danger  of  credit  omission  The  stress  has  been  on 
whai  are  felt  to  bi*  high  point  s  in  theory  or  dcvciupmeid 
with  emphasis  on  both  individual  and  company  or  uoi- 
versil  V  coni  ribui  lons. 

C  irlv  in  the  history  of  traveling-wave  lube  studies 
L  M  Field  and  D  A*  Watkins,  at  Stanford  Univer¬ 
sity,  in  a  joint  tnveni  ion  di’scribed  a  form  of  cicctroa 
gun  which  in  van  ing  forms  has  been  s  basis  for  all 
subsequent  low-noise  traveling-wave  developments. 

The  original  form  of  gun  la  shown  schematically  lo 
Fig  I  Dv  adjustment  of  electrode  potentials  within 
this  gun  noise  performance  of  the  aBSucluleJ  amplifier 
could  be  varied  over  wide  limits  snd  noise  figures  ss 
low-  as  11  db  were  observed- 

In  subsequent  eapcrlmenlaJ  work  C-  C.  Cutler  and  C* 

F.  Quale  at  Dell  Telcphore  Laboratories  verified  the 
predicted  presence  of  a  standing-wave  of  noise  ad  mi¬ 
crowave  frequencies  on  s  msgnetlcally-focusod  clectroa 
beam  The  original  *\elocliy-Jump*'  gun  of  Field  and 
Watkins  obviously  funcllotied  bv  control  of  location  snd 
landing-wave  rat  lo  of  noise  on  the  beam  lo  tbe  regioa 


aoiry  to  the  amplifier-  In  this  msniiar 
sipsl-to-nolse  riAio  and.  ihcrefors,  nolso  llfur* 
wre  affected  by  changes  in  gun  polentlaia. 

lM)rr7im  work  by  R  W.  Peter  si  the  Radio  Corpo- 
raticNi  of  America  evolved  s  modified  ihroe-reglow  gtog 
ahowa  la  Fig  1*  wherein  abrupt  potential  changes  or 
%cloeity -Jumps**  were  eliminated  :knd  noise  perform* 
-unt  of  S  db  observed.  At  this  poltA  J.  R.  Pierce  oi 
Bell  Tclephovyc  Laboratories  advanced  a  theory  sug- 
geMUig  a  minimum  aitainahle  noise  figure  of  6 
woald  exist  assuming  specific  voJues  uf  uncorrclalcd 
velocity  Ofwi  current  noise  at  the  cathode.  In  work  M 
Bell  Telephone  Laboratories  one  of  the  authors  suc- 
oeoded  iA  obtaining  noise  figures  of  less  than  5  db  Mid 
bolli  tbcorcticaJ  and  cxpcrlmeni  al  studies  were  reoeie* 
«d. 

At  this  polra  M  R  Currie  of  Hughes  Aircraft  Co.  I* 
a  backward- wave  anipllfier  bludv  employing  a  modified 
asavlar  beam  meat^urod  noise  figure  below  4  db  wah  a 
bcaoi  potential  profile  m  the  gun  quite  different  from 
tLooe  Hal'd  in  earlier  atudies  In  ihcoreitcal  studies 
by  D  A  Wolkms,  A  W  Shaw.  A  E  Siegmsn.  4 
C-  Tttieh  )(  Stanford  and  J  R  Pierce  of  Bell  Tele- 
fiMx  Laboratories  possible  explanations  for  the 
redbeed  noise  content  of  the  stream  were  advanced, 
based  on  the  concept  of  noise  correlation  resulting  is 
a  lov-velocliy  drifting  b<.’am  similar  in  some  respects 
lo  Carrie's  Predicted  noise  content  for  several 
beams  of  this  character  is  shuw’n  in  Fig  2  with  no 
irreducible  minimum  value  indicated- 

While  specific  reference  to  their  work  has  not  bee« 
made*  the  significant  cortribotions  nf  w.  R.  Beam, 

&.  Bloom,  W.  C.  Danielson.  11.  A.  Haus  and  f.  N. 

H.  Robinson  are  hereby  acknowledged. 

Tbls  brings  us  to  a  description  of  rccer.i  results 
obtaioed  ai  Watkins -Johnson  Company  on  octave  band- 
vtdib  tubes  in  S-bartd-  In  Fig-  3  the  terminal  noise 
ngars  of  s  specific  tube  is  plotted  as  a  function  of 
fr«i|s<ncv  with  all  voltages  jlxed  It  may  be  seen  tbst 
ibe  ooise  figure  to  no  higher  than  b  db  at  any  point 
wUb  a  considerable  frequency  range  for  which  ii  re- 
oiafas  less  than  4  db.  A  further  point  of  interest  Is 
the  achievement  of  s  2.9  db  terminal  noise  figure  at 
oat  spot  in  the  band. 

Wldi  a  view  to  assessing  further  improvementa  ia 
performance.  Fig-  4  shoves  schctTi.itlcaJIy.  several 
forms  of  electron  guns  which  emphasize  cottrol  of 
beam  potential  in  the  critical  region  of  low-volocity 
Mar  the  cathode.  The  first  of  these  Is  the  type  used 


orlflAtlljr  ty  Currit.  Hm  ••cond  gw.  |iropoA*d  ^ 
Watkldt,  tt««e  u  of  ciu*«*tp«c«<l  vtodea  with 

tn  annulu  c»ibod«ito  allow  mora  praclfa  control 
of  1-^am  potential.  A  gun  of  thla  type  waa  used  in 
talnJng  the  octave  bandwUftb  results  Juat  deacribad.  A 
third  gun,  conceived  by  one  of  the  authon*  uaea  a 
email  iMulated  probe  ceaterod  In  ao  annular  cathode  fta 
offer  further  beam  control.  Obvious  comblnt^.ioiie  of 
the  features  sbo«^  In  ITig*  i  may  offer  promlae  as  welL 

n  seems  reasoneble  to  cooclude  that  the  work  to  data 
has  not  exhausted  the  poeelUe  forms  of  gea  deal^ 
olfe  nog  evert  lower  nolae  reaults  . 

tl  la  Interesting  to  pause  el  this  point  aftd  coinemplsU 
the  poeslblllUea  for  ftAure  ImprovemenS.a  and  eictow- 
■Iona  of  present  low-nclse  traveling-wave  tube  reeuhs. 

In  rtg.  6  a  serli>s  of  noise  figure  achlevemente  have 
been  plotted  ae  t  (unction  of  lime.  The  plateau-ltke 
quality  of  the  plot  la  Interesting  as  well  ae  the  genersl 
trend  doMn^arde  with  time.  NMth  present  theory  Indl' 
eating  no  limit  to  nolac  reduction  and  the  ever  preaesS. 
prospect  of  now  tecKnIquea  arising,  It  oeen\a  safe  to 
predict  iho  achievement  of  noise  figures  In  the  I  -  2  db 
region  in  time. 

A  further  point  of  interest  la  to  cunsidcr  the  poealble 
extension  of  low-nolee  techniques  to  much  higher  fro* 
qucncics  i.e.*  the  mlUlmeter  wavelength  range,  la 
Fig*  7  th*;  lowest  nolee  figures  krvowti  to  the  auLbore 
at  present  are  ehuv.'n  as  a  function  of  frequency.  It  is 
apparent  that  very  little  variation  hae  been  obeerved 
In  minimum  attained  noise  figures  over  a  10. 1  ratio  bi 
frequency  from  J,000  to  10*000  nice. 

ExtrapnlMlon  by  a  further  10:1  rat'u  up  to  100, 000  roca 
or  3  mm  \vavelength«  while  daugviuu**  u  wari  aiitcd  by 
virtue  cl  the  Interest  In  this  frequency  range  rts  u*cll  as 
Intermediate  values.  It  is  bvliovcd  thyt  the  obvioue 
extrapolaMon  from  Fig.  6  to  approximately  5  -  <3  db 
noise  figures  al  100*000  mes  wt^uld  be  reasonable  If 
a  number  of  funuamental  parameters  c«uld  be  held 
eftScntiallY  const'int.  In  particular,  the  ratios  elec¬ 
tronic  gain/  wavelength,  cli  cuil  loss/  wavclcngtln,. 
beam  plasma  freq  uency/ operating  frequency  and  focua* 
ing  field  birength/ operating  frique.icy  arc  lund^meniel 
in  this  evaluation.  In  view  of  the  fad  that  il  appears 
unlikely  that  all  of  these  ratios  can  indeed  be  exactly 
maintained,  an  Increase  In  the  minimum  attalnabW 
noise  figure  is  predicted.  A  esttrrjic  suggests 
noise  figures  in  the  10  -  12  <5b  range  al  100,000  met. 
Correspondingly  lower  value's  might  be  .■vliripalcd  for 
frequencies  Intermediate  to  the  10,000  100,009 

met  limits  chosen. 

Deam-Tvpo  rametr> c  AmpUftere 

In  the  earlier  devclopmo.u  tiagea  of  the  ii  a»rollng- 
wavelube  many  attemf^u  were  mat*e  to  rsmovs  bttm 


mUm  prior  to  circuit  Interacfloo  by  Ingeoloue  ooapllng 
Imbelipm  ReelUetlon  that  empllftcetton  wee  echtor- 
ed  this  case  by  Interaction  with  a  *'elow"-wmve  00 
(be  bwri  which  la  characierltod  by  a  negeilvo  kinelio 
^wrgj  Usd  to  the  ooncK'elon  tk^  further  effo  te  In  this 
Aredion  would  be  futile.  Hsvertbeless*  a  by-product 
«l  (bhi  thought  euggeetod  tt.ai  notes  La  positive  energy 
fade  wevea  oould  be  removed  from  a  bearo,  although 
•mM  gala  could  not  be  obtained  directly  by  tmrrac- 
lion  with  this  wave.  At  this  point  R.  Adler  and  O* 

Wide  of  Zenith  Radio  and  bUniord  Univeraity,  iwapao* 
ttveiy*  evolved  the  technique  of  peratnotric  ampllflca- 
ttae  eelag  e  treneveree-Qeld  faat-wave  Interaction*  and 
fee  this  oLaanar  achieved  low  tM>lee  performaaca. 

The  haalc  operation  of  such  a  paranvstrlc  device  may 
be  eaea  beat  by  a  block  <liagram  of  ibe  form  ahowB  la 
ng.  s.  The  Input  cou> '.cr  aervea  the  dual  [xirpoaa  ol 
traeefer ring  the  algnal  to  the  beam  while  reciprocally 
venaovlng  beam  nolae  content.  In  the  next  section  oC 
tka  device  the  enct  y  required  for  amplIflcidloD  la 
•epplfCd  from  an  r«  energy  source  or  pump.  Follow- 
tag  amplification,  the  atgnaj  la  removed  ftom  the  beam 
bf  a  coupler  identical  In  form  to  tha  used  in  the  Input. 
Tabes  of  this  type  have  bceo  reported  with  double- 
Id  deband  nolae  flgurea  of  approximitely  1  db  in  the 
tlHF  band. 

Ibe  Adler-Wade  divlce  operotoa  with  the  signal  fro* 
^Mwey  closely  equal  to  the  electron  cyclotron  frequen¬ 
cy  wblch  In  turn  Is  established  b^'  the  strength  of  the 
ftscBSlrg  magnetic  field  A  result  of  this  mode  of 
operation  is  <hst  the  effective  phase-velocUy  of  the 
dfaMrcd  fast -wave  approaches  tjifiniiy  aiW  I  he  us?  of 
lamped  circuit  coupling  elcr.tcnts  II  pcrr.tlssible.  The 
aae  of  lumped  elements  1  e  a  flat  plate  transverse* 
fjdd  condenser  plus  a  tuning  Inductance,  Is  delightful 
from  (he  simpllcit/  aspect  but  places  limitalione  o« 
the  operational  bandwidth  of  tlvise  couplers,  and  there* 
lore  of  the  dcvlc«.*  ho  a  whole  Foriunaielv<  the  pomp- 
wig  uructurc  Is  In  concept  almost  froquenev  indcpervd- 
ewi.  aid  this  has  tncouragcu  studies  of  browfband 
urai'isvt  rsc- field  enu/.terpans  ol  the  Adler-Wade 
deriee 

A  trerid  tn  dcvclcpmeiu  has  been  10  consider  the  use  of 
broadband  couplers  such  vs  various  helical  otruciuros 
fiperaiing  in  a  iranoverse-field  Komlncr-dip  condition- 
Tkse  mode  of  o^-eraiion  offers  idemica)  signal  and 
notse  transfer  i.3pab)lii:c8  to  the  lun'ioed  circuit 
drrice  but  with  far  su|>onor  Inslar.iuaooui  and  <;lec- 
tr^wk-allv  tunable  fcalur-s  Recent  studies  of  couplers 
of  Uus  form  at  Watkins*  JohviSon  Contpar.v  'o  date  have 
yirUr\t  sigriol  transfers  of  approxlrtatcly  20  do.  No 
awtae  performance  ts  yet  available 

As  taccrcsting  rt.-sign  feature  Is  the  possibility  of  idler 
rswrcMaitim  within  the  device  as  a  result  f  using  a 
bpOow-hearo.  While  not  improving  noine  performance 
«wrh  a  technique  would  lOlow  operation  over  extended 
Irespw^cy  range  without  the  beoling  mode  of  output 
pa«er  observed  \.^  the  tiUmentary  beam  device-. 
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In  considering  pnasibic  oppllcaliorvi  for  thc<«  low- 
noise  ampuners  it  Is  pertinent  to  some  fencrsl 
Information  regarding  life  and  possible  cnvlronmer.lsl 
conditions.  Wide  UtUe  spccifiv  background  oo  these 
topk'9  exists  for  ih  '  beam*«ypc  parametric  amplifior, 
the  close  currclalloA  in  fundamental  dcslr,n  features 
between  the  parametric  amplifier  and  the  lov-fwise 
traveling -wuve  tube  permits  the  assumption  of  perform^ 
once  Similar  to  that  suggested  here  on  the  toJU  o.' 
travcling'wave  tube  experience. 

Bricfl)*  these  tubes  shoiiid  have  extremely  long  life 
capabilities,  in  the  limit  appi  o.u  hin)^  those  of  the 
subrnarinc-cable  Ispc  of  i-f  anii'hlier.  Life  ranging 
from  a  nimimnrn  of  10.000  h(»urs  upwards  to  tki.uOO-- 
100,000  should  therefore  be  aitainahlc.  This  **piniufi 
is  based  un  tw-o  pnncipial  cunsiderallons.  Tvpual 
cathode  current  densities  in  ihi  se  tievucs,  particular^ 

1)  at  frequi'ni  les  like  S-b.»pd,  are  e.\lremi.lv  luu  and 
pi.rmll  tijn'ration  ;u  ivniper.ituies  m  the  i.oo- -♦k‘.u^C 
range.  Since  the  basic  chemical  reailiun  rate  for 
reduction  ol  the  hxkK.'  cathode  nialefialif  iI'aAIi’S  lor 
approximatel>  each  increase  tn  iemp«Taiurc,  a 

drastic  increase  in  al'ainabU'  life  is  to  bi.-  ex4K’eteil  at 
Ihc-Se  len’tp^TalureH.  Karthei  iriMr^.*,  the  lulu.*!*  c  an  b*.- 
ynatJc  aJm-'st  *.'ntir^'l\  finm  lelrattorv  (njteriuls  auil* 
as  ceramics  uvl  molsUlenuni,  allow  mg  siringent  heat 
ireatmi-ni  »<j  th.'t  gas  vvelutiun  during  life  is  mnur.\»2<H|. 
The  low  tx-am  t^iwers  n.iinuil)  uaitl  h«.Te  r\*»ull  in 
ii;.gl  1-.  at  lag  .jf  i^rta  durmg  epHT;,  .ten  th  it  g:*« 

build-up  apjin  if.  limitv'il. 

Or.  the  subject  «•(  eiiv  mmiOental  t  <»nditi<»ns  the*  pnnei- 
i».\l  problei'i  IS  that  •*!  ruggeitumg  the  rf  interaction 
si  rupture  which  i-  <\  puall  y  a  )tel  leal  w  inding  uf  small 
di .im'-ter  u I  r*-.  jtv  nn•nn^  <»f  |<»ngitudin;tl  tf  ramie 
supjxirt  nnl-.  f'  which  the  helix  iri  intiinatelv  Londed. 
a  self- Mipjii  H  1 1  iig  r.liuelure  id  eonsitJerahlc  .*.tr^-npth 
.'.nd  h»«  du'lei  1 1  u  -biading  c;u>  U-  :u  hieva  d  fTns 
ici  hni'jue,  di  \  1 1< j|i.. tl  hrat  at  Itell  Teleiitvirrt'  Lals>ra' 
loru-:^.  li  I-  b.-eii  UM  *1  Sun  i->s|u!l\  ii.  iub«"»  »h-rr!'»n» 

slrjted  a*.  >.uii.diK  iwr  «m*<.*ile  x-nv,i «MniH*nts • 

L'l'lfer  "O  .Mid.it-nt  lemieT  nure  an*  o»nin*'.ijl\ 

1 1 ..  <1  1.  it  1  v  I  he  I  uIk-  I  Mil  !i\  I  h'  1 1  mit  c  (i»r  l  Ik-  niapMi  le 
MMtei  i  d  .j|  ih»  hnu^'ing  .virm  iure  wh^'re  iK-rnvafH.ii 

:a  igc  1  *■  III 


appears  tKsi  the  trsvollnf-wsv«  tubs  will  always  ba 
capable  of  greotor  bandwidth.  This  greater  bandwidth 
Is  nut  necessarily  on  advantage.  In  applicst'oins  where 
jamming  must  bo  ct^naldorcd.  it  la  preferable  to  l.svaa 
rather  narrow  bandpass  charscterisllc  u'hlcU  can  bn 
elect ronically  lunod.  In  this  respect,  a  pa.ra.Qic1  ric 
amplifier  uould  bo  preferred.  <Olhcr  olterrudlvas 
might  be  to  use  s  backwsrd-wavo  onipllfitfr  ur  m 
electronically *tunod  prc'ScIoctor  filter  In  front  of  a 
traveling-wave  lubu.) 

The  outManding  attribute  cf  the  parametric  ampltfier 
which  mokcK  It  worthy  of  censldcrolion  li  its  low  rxilae 
figure.  Omitting  masers  from  consider  at  ion.  when 
«ne  u1t«rnatc  in  ivii^e  fifCure  (S  iiccesxarv  over  trnoii  ur 
in*Klerak  bondHidths.  the  paramiiric  amplifier  con 
•*'ell  be  the  logical  choice  We  must  be  »irx  careful. 
h«>wc\cr,  and  make  ecAain  that  the  paranielric  ampli¬ 
fier  tk»CK  indeed  have  the  tx-uer  noise  performance- 
F'T  example,  xupp>>»c‘  we  have  a  thoict  bciwccn  S 
<k-generate  puramctrlc  ainpltlni  with  a  Quutt'd  iiOiae 
figure  of  ‘2  <t>.  arvl  a  traxeling-waxc  tube*  with  a  ncisc 
figure  of  3  a  Wbieh  vill  give  Ihe  Ix‘ki  n*»ise  per- 
f'lrinjrKe?  Contrary  lo  what  one  might  mitioJIy  pre¬ 
sume.  It  ts  tht  irav<-ling-wavc  luiK^thol  will  alnH>st 
alwjvs  giv»*  ihv  iKbl  nolSv’  p<.  rfornp»anc<v  This  Is  be¬ 
cause  the  nuoii'cl  noi^e  figure  of  !h<‘  paraneirv  ampli- 
fivr  IS  the  >0'vailed  tViublc-sideband  rvoiss.  figure, 
w  hu  h  IS  coiuvnieii*  lor  the  measurement  of  noi.se  fig¬ 
ure  in  IV*  laV'ratoev.  but  which  cannot  lx*  used  for  a 
direct  eoni|ariM)ii  of  s\''‘tem  M  nsiiivitt  II  is  nut  dtf- 
livN.!!  Ill  malvc  ihU  coie.pari.* .'.n  ef  svsTerr.  sensh.ivd*  if 
the  conce|4  ol  «i|m  rating  noise  figure*  or  ofvraiing  noisr 
CemjH  i  alure  -jsed  Opi  fating  noiSc  lemper.’Vurc 
Will  hi*  (W'firx'd  in 


II  I t  I  a  inii  d .  I  )i\  I  •  - !.  1 1  t  - .  1  fi  il  biW  a  mp!  r*.  of 

i  In  i  V  jii  ^  liM  M“  Si  1 1  hi  re  V  .111  be  made  i  tMiipl*  l»  K  .mIv- 
ij.i  Ml  I'll-  ' '!»  rat  i'ln  .n  ii  :nilil.ir\  en\  ji  .hmIivuIiv. 


b  in|Hit  aignai  iK>wer 

»n 

iS  iHJ»p‘«  sIgiMl-io-noise  ratio 


Tbi-  ')t  I  ij ».  '.-I  w  h»  I  111  r  l*'  'iM.-  a  1 1  -.iv  eling  ■  wav.-  luV  or 
.1  p.ir  II). I  M  II  r  >k  ihN  Ui>i>n  (h«-  piriiiul.ir 

1-111  ii  i|il  i\ Mt  inn  .  rhe  1  I  I'.  I  1 1  ny  -  u  .i\  i-  liiix*  l^  phi  .**1  • 
I  .div  .1  >|iil|»i».  r  ifevire  .esii  I  re:"  IK)  high-fr»-fjiieiie\ 

,» -I  ’j)  111''  iis  iiiK  r:);  )i*i).  il'i)  ibi’  I  r.'ivi-ling-wavo  iiil>e 
h  i>  111  -  tridi  I  t).ii-d-,M.hl'  Ihnn  the  piT  amiHric 

am  1-1 1 1 1--)-.  W  Ir.K-  it  ^  an  V-  exj  "-i  led  thal  ll>c 
V’.  i' llli  III  till-  pai  .in*v  I I'le  ih  V  .ee^  "ill  !«.  iniprt*  r>l.  It 


When  a  ini)i:iiiuni  unable  output  signal  *lo‘ iwiiac  ratio 
lb  epevilied.  t'j  <->  can  be  ui*crprc1i.-d  as  on  expivs- 
bim;  f'tr  reeeiver  scrsilivily.  Operating  noise  tCRi- 
j.eratiire  as  tlefined  here  is  diri-elly  related  lo  opora- 
tij'g  noisv  figure  as  u^ed  by  P  r>.  Strum  and  others. 
The  relation  is  Himj>ly 


r  T  where 
op  o 

opi'rating  noise  figure 


f31 


40^ 


y«r  kB|)UfUra  nthcr  thu  Um  dagsaarkU  paraaMrto 
an^ltr  it  U  aaal.'/  abows  tbat 

V  *  *  ■‘‘a  <** 

«  aokaona  lanparatiuv 

Far  Ika  dagenarata  paramatrlo  ampllflar  which  la 
raotlalac  oonaal  ocbarant  algnaia  (l.a.,  not  oolca), 
lha  eorraapoodiog  operating  notaa  tamperatura  la 

<^op>d*  »a]  <“ 

The  3.3  db  irBvellog'Wkva  tuba  ariU  thua  have  an  epap* 
allag  notaa  tamperatura  ot  3a0<^  «  Ta  whlla  tba  3  A 
parametric  ampllflar  arlll  have  an  operating  nolaa  lam- 
peratura  of  340'^  «  ^'^A'  Therefore,  adiee  tbs  antao- 
aa  temperature  la  greater  than  20°K.  the  trarollag- 
wave  amplifier  will  hava  the  better  noise  partormanoa. 

Thera  are  two  special  caaca  where  the  above  method 
of  comparison  la  not  applicable.  One  la  the  caae  whaa 
syacliroooua  detection  It  uaed,  and  the  other  ie  whea 
broadband  nolte  It  tha  tignal,  as  In  radlometry.  Ac* 
cording  to  Adlar  and  othora.  In  both  of  Ibeaa  caaaa  the 
double-aldebard  noise  (Igura  la  directly  appllcabla.  In 
radlometry.  however,  tha  whole  story  la  not  told  when 
tbi  noise  figure  la  specified,  for  the  rf  bandwidUt  Is 
alto  of  Importance.  A  proper  figure  of  merit  which  It 
proportlonaT  to  tha  ralnimuci  dstectahit  toirtparalure 
dUfarenca  would  be  tba  ratio  of  tha  operallng  noise 
temperature  to  the  aquare  root  of  tha  Inataidanoooa  rf 
bandwidth.  Continuing  our  aaarr.pla,  let  ut  tuppoae 
that  the  i  db  paraniblrlc  amplifier  hai  a  bandwltkh  of 
too  me,  while  the  3.  S  db  traveling-wave  tube  Siae  a 
bandwidth  of  2,000  rac.  Aaaumlng  room  temperatum 
lor  tha  antenna  temperature  ani  remembering  that  la 
thla  caae  the  double -sideband  nolaa  figure  la  appropii* 
ate,  we  aee  that  the  parametric  amplifier  will  have  a 
figure  of  merit  of 

Figure  of  Merit  » “  0.tI2 

The  traveling-wave  tube  will  hava  a  curreapoi.dlng  fig- 
are  ot  merit  of 

2.24 

Figure  of  Merit  •  0-050 


Here  again  wr  ace  that  the  traveling-wave  tube  would 
be  aupcriar  to  the  parametric  amplifier,  elnce  It  would 
be  car-a'Je  ol  resolving  i  smaller  diflerence  In  temper- 
idure. 

TVeae  esamplee  are  not  intended  10  Imply  that  tha 
iravelmg-'wavc  lube  is  "superior"  lo  the  pnrsmelrlc 
amplifier.  iUiher,  they  sre  Intended  to  indicate  that 
bcckuie  a  parametric  arapllflur  has  a  'Tower  noise  fig¬ 
ure,"  It  dues  not  necessarily  follow  that  It  will  eahiblt 
bettor  performance  In  ar.  actual  system.  In  many  In- 
alancea  It  will,  but  sa  has  been  irdicstfed  In  tbs  above 
examples,  there  are  soma  sppllcstlona  where  It  may 


rw  1  -  avv,iia  at  >  iWvrMinl  shSr  la  vSataww  aa<M  cawni  w 
a«  vWtlnia  Wan,  na  campwa*  aa  •  fwrtiaa  a«  SlaUMa  II  t  >117 

s-w  .riaalij  Siinips  rarw  Tta  pra«€SaS  wSaa  ll(ara  a(  sa 
anvlillvr  aalns  Dana  Saspa  ralaat  Is  sSaWit  aa  a  taidlaa  at  llw 
anfi  lanuis  wilb  b«aw  rturtm  SaiaO/  aa  Aa  aaaaiatsi  pjinmnar. 
■Naiav  ncvrva  la  (ha  I  la  I  *  rafiwi  aaa  laA,  liS  aa  sostlSIa. 
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signal  (icmlaatad) 
ta  WV 


«r  n«Mi 
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t[Uctraa| 


Elactroo 

GM 


Input 

Couplar 


Output 

Coupht 


Collactor 


ic  rocuilflf  FUld 


rig,  -r  .  Aaeheni«ltedl«gT*i«<ll»l  P«“***<« 

ampllflnr.  Tta  u**  o(  »  iucreu  *1001700  b*«n  roauIU  to  ptyalcal  (•paiMo*  rf  tfco 
fwKtloe*!  •laraasU.  Tit*  top«4  oooplor  **nre«  to*  thtnl  roU  of  ttrMt*i«rrt*g  Ika  rl 
sl«a*l  lo  iho  barnm  «liU*  oo<wil«e  th*  f*Jl-o*»*  not**  <M  ol  Ua  boMa  prtur  to  anipll- 
BoSkia.  81(0*1  aoipltnc*****  oeew*  to  Um  piuop  ngloo  vImm  H  oaergy  ••  •wpJt*< 
bttB  an  oternal  aouro*.  TW  output  couplar  **rvo»  to  r»«aoT*  tta  »a|i»in«<  ayl 


wu  mccowocw*  ocncs  nit  koc 

tft  E.  F.  J»  EalaEl**  W. 


ssnK 

la  eoMAtertag  tka  InniBlMlaB  cF  ■ter«a«a 
«o«rp  throBsk  •  wJf  nnik tutor  uadlia  aoeh  aa 
hl(k  raalatlTl^  •Nraaalui,  aa  ■ml^sla  liaa  boaa 
aatto  of  tho  offoeto  of  aboorptXaa  and  mlUpla 
roflootloBo  wlUiia  Uaa  lodtiat.  B;  ««Z7ltm  tha 
coodactlrltT.  rtorfTT  la  Uta  pewir  tranaalltoi 
haoa  boaa  obaomd.  Bow  dorlea  poaalbllltlaa 
ayfiaar  faaaltila  aacb  aa  aa  ovTlltada  aodtilator 
wltb  Uttla  or  no  chanfa  la  tteaa  iblfti  a  |f>aaa 
aodalator  with  no  chonga  la  ai^lltuda,  aad  othar 
optleal-olactrlcal  dowleaa  aadi  aa  Um  fi'aqaaiMtr 
aagtlineaUoa  and  baoa  dlrocUoaal  darleaa. 

IBTHCWIcnM 

It  baa  taoe  obaarrad  racontly  that  whoa  a  at^~ 
oondoctor  rod  Is  Inoartod  la  a  tasaguida,  Badola- 
tloo  of  Uta  tranoaittad  pouar  oaa  ba  obtalaad 
rarjlag  tba  coodactloltj  of  ths  saaloonduetor.  • 
la  tibat  follows,  rarloua  thsorstlcal  aod  axparl- 
■sntal  coasldsrationa  lead  to  arrldanoa  that  a 
faallf  of  new  t/pa  drrlcss  Muj  bt  attalnabla 
aucb  aa  aa  aapllttido  aodalator,  a  phaos  ohlftar^ 
and  other  alcrowaao  ocopenonta. 


Ua  start  first  by  eoosldarlnc  t>a  transalaaloa 
of  alcrowara  anero  alaultanrasal;  thmagb  thi'oo 
•edla,  first  air  Utoa  a  aealeonduetor  slab,  1»- 
riolto  la  length  la  tba  z  and  y  dlracUoaa  but 
riulta  In  the  s  dtroetlon  aid  third  la  air  aghla* 
Tbo  proposed  schoas  la  illastrmtad  In  flgurs  la 
la  aucb  an  arrangeaent  ons  waald  azpact  tnsaa^ 
aissioa  througb  tha  sealeonditetar  rlab  to  bs 
dependent  open  absorption  la  tha  aaalcondoetor 
and  pooslbla  wltlpls  reflectloos.  Kanos  tha 
traaaalaslOD  woald  bo  found  to  bo  both  o  funetlaa 
of  tho  condocilelty  and  tho  thldcnaas  of  tha 
slab#  Thla  typa  problra  has  been  dlaousaod  ty 
Strattoo^'  and  Bromtsll  and  BsoaP)  and  la  foaad 
to  bo  asst  aaally  approacbod  by  osa  of  tha  traa*' 
alaaloB  lloa  analogue  of  a  waso  travelling  la 
froo  apaea.  la  Flgors  1  tha  transalaaloa  lias 
la  Indicated  In  Ito  relation  to  tho  oleetre- 
negnetle  propsgatlon  syatcaa.  la  order  to  ealea- 
loto  the  rolo  of  cboncos  of  oonlactlrlty  sad 
thlcksese  on  the  chan(^a  la  tnossJsalOO  of  the 
olectri'  field  through  the  aedlioi  the  follwlag 
relatione  war#  nsod. 


% 


^3  t«rti^2^2. 

’Za  ♦’Zj  toh^^ 


(1) 

(2) 

(3) 


la  tbaaa  relattaaa,  tha  fbUoadat  salaaa  fbr  ttn 
earloaa  aaaataala  mn  mt&mttt 

dda  to jaob  napcyclas, 

<*•  14  »  iL***  a  «*“  Ibradd^itsrs 

1.aS7  a  10**  keayAatar^ 

^■leJoAo^e***®  (eta  aatora)'^, 

a  “  iapa*  lagiadMe  od  tba  plaas  ok, 

I,  «  -  yj4^  ataa. 

If  ■  Istrlaoia  ligiada-ino  of  tka  aaadsoadaotor 
*2  aal^  (1)  and  (a)  with  aarloM  lalaM  of#** 

y.  e  BaanBBt.lea  aeastaait  ef  oaaleoadBetor  aalag 
^  (1)  fbr  earlaaa  salaa  aT  r', 

jr,  -  y  -  v'./  -  ir/x. 

1^  a  tbl  lnui  af  tha  a)ab» 

r  a  tatia  of  alactrla  latiaalty  la  aiiaea 
*•  Oaetor  ■adli  to  tba  alootrla  Utooolty  of 
l.ar.lfe.'at  ease  la  air  at  tba  fraot  anrfbaa, 

t  a  tha  adaetrle  flald  tiaaaad.ttad  tkmn^ 

*  aadtai  2  larU  raglaa  3* 

%  a  tha  alactrla  flalA  la  aadUs  1  lauldaat.  aa 
^  tbs  fbeat  sarfitea. 

la  oai^darl^  (t)  aod  (2),  tbsss  aoa  fartbar  ba 
Ibehea  daws  ta 


(5) 

(4) 

Iba  spoclfle  ealaea  ara  lUtad  la  Tabla  I  for  tbs 
propovitJaa  chanotorlstlaa  of  alactroua^satla 
waesa  la  garanlot  at  10,000  nafacyslas  par 
aecoidU  BBlag  theaa  data  tha  following  Infomn 
Hob  is  shown  aa  a  fhnctloa  of  eondnctlelty  ef 
tha  foraaBla  aad  tha  thlchnaaa,  Ij,  IV>/^b  ^ 
aegnltuda  of  tha  ratio  of  the  transolttod  oloa- 
Irle  latanslty  to  tho  alactrla  lalonalty  In  sir 
incident  upon  the  surface,  tha  phase  anglas,  la 
radtana,  of  d,  vllk  raspa^  to  Ej,,  tba  sog^tada 
af  r^  and  Mm  phnss  nnjiaa  af  r^,  la  Plcaros  2, 

3,  1  aol  1  raopoctleely.  la  conaldarlag  tlMae 
data  VO  caa  prstolsto  tha  azlatano#  of  derlca 
poaalblUtlea  for  eupUtwls  aad  phosa  nodnlatlaa. 
la  arasdalx:!  Fltri^  If  •*  aasoaa  a  constast 
thleknwas  l^,  «a  aoa  that  will  wary  with 

eondocUwity.  For  loalaaca  av(  allUaatara 
thlclmsae,  earylng  tus  eoadoetlvlty  of  tbs  slab 


■0.  S.  Iray  Signal  Rasowrek  aal  Dsnralepaaat 
laboratory,  fort  HuskwUi,  (tea  Jarsoy 
■■MoMowth  Cellaga,  Waat  loc«  Branch,  Baw  Jarsoy 


2  to#**  10,  by  mom  phyiUMl  mmtam  mA 
«•  ItCht  or  oaifora  Injo^tteo  of  oxoom  alnori^ 
corrloro,  vlll  6mcrmmm  roochly  30 

pmrmmmt  to  10  poro«fit«  Voxt  m  eonolOar  ngom  3 
for  Um  pfaoo*  ohirt  to  bo  oxpreiod  duo  to  oo»- 
ductirlty  ■odolotloa  of  tba  olactrlc  Inionolty* 

Wo  odU  t>Mt  at  about  2«1  olUlMtara  thleknoaO 
4  aodo  oadata  duo  to  tha  Iniorml  roflactlooo* 
lo  oUk»T  Uroo,  If  tha  oonductlrtty  la  oodolotod 
vlth  thia  ptrlicular  thiekoaaa,  au^liuda  oodulo* 
lioQ  la  atVilood  vltbout  pbaaa  ablft.  Tbla  to 
dona  to  aooe  aatant  vlUi  •  daeraaao  In  tha  oMoat 
of  ai^lti^a  oodolatloo*  Hauarar,  tha  atiroctlao 
yoaalhl11*«y  doaa  axlat  for  a  alfniflcaat  aoplitote 
ehanfa  wltb  no  pKaoa  ahlft* 

Suppoaa  dopw  ona  would  llba  to  attain  phaaa  ablft 
without  aaplltuda  oodulatloa.  Thla  d^a  not 
appear  aa  quant Italiaalj  but  tan  be  abowa  to  ba 
poaoLbla.  If  wa  ebooao  a  aLi  uilUoaUr  thiak« 
soia,  conaldarabla  pbaaa  ablft  appaara  lo 
nfura  3.  Referring  agnin  to  Figure  2,  ve  ooa  a 
valley  at  tbe  aaat  tblcinoae*  Row  thle  vallay 
occura  due  to  vultipla  lotamel  refleetlone  whieb 
lo  turn  la  dependent  upoD  unlforrKlty  of  Vilcknaaa 
and  conductivity.  If  eaoaaa  cerrlera  could  be  1^ 
Jected  in  tbe  geraanlim  eo  aa  to  bo  allj^biXy  noo 
uniform,  tbe  lotemel  reflecilona  would  be  dea- 
troyad  and  ellhou^  the  phaM  aHlft  w>uld  atlll 
be  changed  by  tha  eaceea  carrier#,  the  trenamla- 
alon  anpllUide  will  not  neeesaarlly  cKanfe  and 
uzder  apcclflc  clrcuastancea  nay  eeen  rlee« 

With  thla  th<^or«tlcal  introduction  we  eKall  noxt 
conilder  dealyn  prlnclplea  for  rmrioua  darleoa 
together  with  rtparlionta  performed  to  iUaetraU 
their  faaeiblliiy* 

AlfPLITtJPt  ;n[KTUTOt 

So  far  ve  hare  conelderad  Uo  Ideal  altuatloo  of 
an  Inrioite  alab  In  the  free  apace  oriented  per-^ 
perdicular  to  the  direction  of  propagetlon  of  tba 
aleclrorjgnetlc  ware.  Ve  can  exter>l  this  concept 
to  where  tl«e  sfalcnrductnr  aleb  la  Inserted  Into 
a  varegulde  perpendicular  to  tha  flow  of  energsn' 
or  In  parallel  with  the  flow«  ^e  two  poaalbl# 
orleototVona  ere  Illustrated  In  Figure  6.  In 
adlltioD,  contacU)  are  pieced  on  thie  sldea  of  tha 
aradcoixluctor  for  t1»e  piirpoae  of  Injecting  axcese 
minority  carrier#  Into  the  seulconductor  madlua 
by  electrical  maana.  If  the  :.BBple  It  oriented 
a#  abowD  In  Figure  tm  va  ahoild  expect  to  obaervo 
tha  milliple  Internal  reriectlon  phen^nena  da*' 
scribed  ebore.  Hoverer,  If  the  so^iple  la  oriented 
aa  In  figure  6b,  the  aituatlon  la  much  tore  ec*^ 
plicated.  In  the  latter  arrenge-oent  the  Internal 
reflectlona  have  been  found  to  be  cealler  and  tba 
abaorpilon  by  conJu^tlvity  changes  of  tba  semi" 
co'>d‘4rU)r  la  the  nore  pronounced  factor  In  caualtig 
mod'ilatlon  of  the  transaltted  signal*  If  wa  ■#>% 
certain  siapllfying  ar.rjapllona  we  can  dealgn  tha 
ge^iietry  of  the  scale Didutlor  sh'^wn  lo  figure  6b 
to  provide  Uie  ■axlmuja  cHangea  In  power  for  ai 
given  change  In  coMjc tlvlty* 

y«  asaaaa  flret  that  the  tfjlh  llfetlmi  of  mlhor-* 
ity  carrltT#  In  the  snaple  la  long,  tut  atlll  of 
•uch  Mgnltule  Uat  It  ia  not  affected  by  tha 
changes  in  dloenalons  to  t*  dlacuased.  W#  aarmM 
further  thst  :n  this  orlenisMom,  the  changaa  lb 


tfon^oalob  or*  mainly  cauoad  by  aboorptlom  ma 
omoaaa  mlmorlty  emrrlara  are  injactad*  Tba  third 
aaawpilom  la  that  tba  power  attemiatlom  fbctor, 
eA,  Iweraaoaa  lloaarly  with  eo:wh»cilotty, 
tba  laat  amaomptlon  la  appradJHtaly  Irma  If 

With  thaae  aaatwptiooa,  wo  earn  tarry  a«t 
cnlculatSona  firing  the  flrai  order  oagnlUida  of  • 
dimanalono  and  affacta  to  bo  axpactod*  It  mimt 
be  raaliaod  that  tbeao  daU  will  haeo  to  bo  later 
■odiftod  if  one  oontldara  mlUplo  rafloeUona* 
Beaco,  omly  aa  a  atartlng  point,  wa  eonaldar  aa 
laflaito  ftodloi  of  garmanim  la  which  the  propagm* 
tloa  coaatanta  are  ralatad  to  frequanty,  eondme* 
tlel^  omd  dloloetrle  eematant* 

Air  a  amlform,  infinite  madliv,  the  aboorptlom  of 
power  io  gitraa  by, 

f  «  f  o  (7) 

o  ' 

wbara  f  la  tba  Incident  powor,  P  the  powor  at  tbo 
dlatanao  x,  and«xla  tha  attanuatloD  comatani. 

Tha  ebanga  la  power  with  reapoct  to^la 


By  dlffarenilatlng  (8)  and  aetllng  the  reault 
oqtail  to  aero,  nna  can  find  that  dP/d«a  la  a 
■mjrliaae  ai  tha  thlckneaa  glevn  by 

«  -i.  (9> 


la  tha  foni«<»  the  power  attenuation  factor  la 
esual  to  where  .Pi.  la  tha  atlanuatlon 

factor  for  tha  electric  field.  In  Table  ll* 
fajoerleal  valuea  of  are  glean  aa  ealculaiod 
for  fervmnlmi  and  aleetroawgrtotlc  radlatioo  at 
10, COO  iMgacyclea.  In  addition,  tha  aaluea  of 
optima  length  arc  Hated  for  aach  apaclfle  com* 
ductlclty. 

Bzparlaental  aamplea  ware  soda  up  ualng  garmanlum 
with  conductivity  In  th<e  order  of  M^piXtuda  of 
3(ohm  metera)*'^  and  In  the  goomatry  aben^  la 
ngura  6b«  Tha  width  of  the  saaple  waa  unl/ormly 
•  23  cma,  the  height  flsied  at  .8  ena  aad  the 
length#  were  varied  frem  *198  cm#  to  ,8  caa*  At 
a  frequency  of  9600  megacyclea  par  aacord  and  In 
aa  X  band  waveguide,  tha  indication#  are  that  the 
maximua  aenaltlvlty,  df/dC^,  occur#  In  the  region 
of  ,33  cue  or  allghtly  higher* 

In  figures  7,  0,  9  and  10  we  a«e  tha  experimental 
result#  of  injecting  axcess  mlrority  carrier#  Im 
ana^lea  with  dlswnaiona  and  orientation#  as  da- 
acrlbed*  Rcre  va  have  power  atlenuatloa  as  a 
fWicllofi  of  current  injected  into  tha  eoalcon* 
duclor*  How  alrcecAls  aesurjed  linearly  related 
io  dT',  tha  aaxli&un  df/d  ^  w1 11  occur  at  tha  mama 
lengtli  as  the  maslDun  df/d  ir*.  In  Iheaa  teats  va 
ere  moasurlrg  current  and  ifonct  for  tha  amsa 
current  ve  are  producing  a  dirferent  change  Im 
conductivity  If  the  volume  la  different,  Thara* 
fore  tie  experimental  data  can  only  ba  uead  to 
verify  tie  theory  in  an  approxlnata  manner* 

If  wn  aesvae  at  Ua  higher  current#  the  sample  la 
flooded  with  Injected  eices#  minority  carriers, 
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•ad  thkt  ta*  evrrwort  Is  ■  astsor*  of  tit*  •vorafi 
auabsr  of  sxcsu  alnorltj  earrlsra,  «•  should 
pool  that  for  •  (lTt«  U|h  cuiront,  th*  «ttstaa> 
ULoa  uould  bs  (rsatsst  at  about  >39  eaa  lamth. 
to  ssBUtlntac  nfOTss  7  throuch  10  «•  •••  U«t 
this  Is  approxiastaljr  tba  eass,  ssan  if  tba  aalM 
la  tsksD  iato  aceoant.  for  Instanea,  for  • 
ailllBstar  Isnfth  at  SO  ••>  tbs  attanuattos  la 
3 >8  db.  At  6  allUastar  lanflb,  tba  voloss  la 
.79  that  of  tba  first  caaa  and  wa  eoasldar 
.7!  X  SO,  or  37. S  aa  for  aquisalsnt  dansltf  af 
axtsss  carrlsrs  la  nfura  9.  Dsrs  tbs  sttsniia 
lies  Is  about  4.S  db.  At  3.S  allllastar  laagtik 
tba  Toluas  la  .A3b  that  of  tbs  d  allllastar 
aaapls.  TVis  current  to  ba  eortsldarad  is  ^ 

Is  .136  X  SO,  or  21. S  aa.  Tbs  sttanuatlea  bora 
Is  1.3  db.  With  refarsnea  to  ngurs  7,  ths  aolaa 
Is  dsertssod  to  .21  of  tbs  8  allllaatar  aaifila 
•1X1  tbs  currant  la  .21  x  90  or  12.0  as.  At  12  bi 
ths  sttarmatlon  la  1.9S  db.  Kanos  aran  Is  naraal- 
Islrg  tha  aoluaa,  tba  aaxiBB  changs  attanuatiss 
occurs  at  hl^  currants  Is  tbs  rsngs  froa  3.9  ta 
0.0  allllastar  lsn(tb« 

for  saall  injection  currants  l.a.,  undsr  9  as# 

(7),  (6)  and  (9)  aa;  not  bs  appUcsbls  dus  to  tbs 
fact  that  undsr  tbsso  conditions  tba  earrtsrs  ars 
localised  is  a  sasU  spot  naar  tbo  injsctlng 
JusctloB.  Undsr  thasa  conditions  tha  Toluaa  would 
iwt  affact  tba  aaount  of  attenuation  at  aucb  aa 
tba  total  nuabar  of  Injected  carriers  ia  tbs 
locallasd  sraa. 

In  snlsr  to  rsleulata  tbs  tnasrtlon  loss  for  tba 
arrangstseot  is  flgurs  6b,  ws  again  start  with  (7) 
and  tba  lost  In  tba  asajilt  (atsualng  raflrrllso 
ehsngca  ars  aaall)  la  giaan  by, 

1  -  ^  .  1  -  (10) 


CoDSldar  X  tba  tfalckncsa  for 
Sines  X  a  l/ol  wa  hara. 


df/doi  . 


1  -  i  a  63.29.  (11) 

In  pnaral,  as  thlcknesa  Incraaaas,  tba  Insartlaa 
loo  Incrcaoas.  Inothar  tarn  ublch  hat  bean  found 
usafUl  la  tha  ratio  HF/P.  Kara  P  la  tba  power 
trannalttad  past  tha  sanlconductor  block  and 
arrlrlng  at  a  tuned  detector,  when  no  currant  la 
Injactad  Into  tba  ganoanlua  rod.  Aa  currant  la 
Injected,  Uia  dacreasa  in  FO.cr  reaching  Um 
dstactor  la  daflnad  as  AP.  In  a  aansa  tba  ratla 
^P/P  can  ba  daflnad  at  a  aodulatlon  ratio. 

Again  starting  with  (7} 


tbart  ^2  and  P,  corranpond  to  attenuation  factar 
and  power  rauching  Iba  dstactor  with  no  currant 
Injactloo  Into  tba  atuspls  and  ati  and  P^  Indlaata 
tba  attainjatlon  factor  and  tba  power  arHalng  at 


dba  datactar  ultb  currant  l«)aetad  lata  tha 
a^la.  Ia  fnetlea,  aud  ^ 

iM  -  1  .  (W 

If  t  la  now  ehsaaa  aa  l/a«,,  tba  Udakaaaa  Hi 

aaadMdP/dag,  * 


^  -  T  -  a  ’  *  .  (Id) 

•a  ants  that  atnes  Af/t  will  lao rasas 

Btth  Incraasli^  atj  aonotodioaUj.  Csaairaalp, 
tf  AP/f~)0.  Oh#  fkutbar  point  ta 

ha  cenaldaM  la  tba  pbaaa  ahlft  whleb  aagr  aeaor 
dvlig  tba  atiofsaatloa  of  tha  was*  due  ta  tba 
lasnaaad  conducllaltj  of  tba  gataanlia  rod. 

Xa  gtaaral,  ena  would  axpact  acaa  pbaaa  shift 
4m  ta  a  ebangs  In  conductivity.  In  c  onnHarlag 
flcsm  11  calculated  for  aa  Inflnlta  aadlia  af 
g-raa~1-r.  wa  aa«  tbat  at  10,000  aagacyelaa  thaSB 
la  aaly  a  vary  slight  abtft  in  wnvalangtb  wllh 
aaafnatlvlty  In  tba  lew  conductivity  raglaaL.  It 
naald  naaa  tbat  by  tba  correct  adjuatasnt  af 
or  by  dscraatlng  tba  lar^ib  of  tba 
SMpls  In  tba  direction  of  energy  fins,  oca  eeaH 
ablala  tha  dlaanslona  of  the  rod  such  that  Uttla 
ar  BO  pbaaa  shift  would  occur.  Just  soob  dr- 
aBBstancaa  bavs  bean  found.  In  Plgura  12  wa  saa 
Ala  indicating  anplltoda  acdulatloa  wiia  na 
lhaaa  shift. 

P«SI  SH^ITIPO  PTOCB 

ftrcvloasly  va  haw  discussed  dsvleat  which  ntU 
glva  aapUtude  aodulatlon  with  no  pbaaa  Alft. 

■aw  let  us  consider  devless  slasd  at  provtdlag 
yhaas  shift  with  llttls  or  no  saplltuto  aodala 
Uaa.  Aa  was  described  In  ths  introductloa.  If 
ths  Bsapla  Is  oriented  to  take  into  nee  wart 
latarnal  aultlpla  rsflactlons  (Plgura  6a),  tha 
nagnltuda  aay  11a  In  a  valley  at  asrlsaa 
thlcknasass  of  ths  sanpla.  If  currant  la  !»• 
)sctad  net  entirely  uniformly,  ths  phase  eaa  ha 
ahlftad  due  to  Incraaaas  in  conductivity,  and 
tha  absorption  cunponant  Increased,  bat  das  ta 
tba  destruction  of  ths  unlfonslty  of  Internal 
raflactlons,  tba  actual  trsnalaslcn  aagnltate 
Bay  stay  the  tana  or  swn  Incraass  with  itamm 
tag  conductivity  of  tba  garaanlua  slab.  Etparl— 
sMia  haw  beau  conducted  in  wbicb  tbssa  affacta 
bow  bean  noted.  Por  axaapls,  rna  aaapls  uaa 
famed  with  dlasnslons  of  .8  x  .8  x  1.9  saa  sad 
then  Inserted  In  tba  wswgulda  aucb  tbat  tba 
largo  dimension  waa  seroaa  tha  guide  as  Indicated 
la  PIgurv  6a.  Vban  tasted  In  tha  alerousw 
brldgs  approxlaataly  JCP  pbaaa  ablft  was  netad 
idth  aasll  changes  In  attanuatlca.  Ttw  data 
her*  la  Indicated  In  Table  III.  TMa  arvparlaaal 
mm  tarVboT  checked  by  flooding  tha  sampls  with 
light  to  Incraaas  Its  condv'otlrlty.  Agaia  it 
wa  wrlflod  tbat  Increased  eonduotlvity  (ladanad 
%  tba  light  eooreo)  could  actually  eauaa  am 
imeraom  la  transalsslon  st  tha  saaa  tlas  tha 
yhasa  shift  was  cbanglnf. 


mux 


still  •Umt  lapllad  la  Umm  jtijUttl 

•ffaeta.  Mir  laataaea,  if  tte  flS  dloda  la 
yaaarwa  MaaoA,  eonAactlTltj  •odulatlw  eaa  oeair 
at  hl|kar  fta^aantlaa  U>aa  wtMa  blaat^  la  tl« 
Seniard  Sliaatlija.  Iba  d*il(B  for  aa  aapUflw 
haa  biao  «a*ka4  oat  aaiag  tUs  prlnelpla. 

FtaaUjr,  alaaa  thaaa  prlodplaa  appljr  to  tha 
lafrarad  aa  «mU  at  tba  alntMata  rtgloa,  tarleaa 
iafrarod  aaSalatovo,  phaaa  ahlftara  and  dotactara 
aeoM  ba  |iaaa1b1j  airaoctd  to  tmny  oat  ora 
olactro>ef*iaal  fbnatioaa< 

A^asBCTWtn 

Tba  Mthara  aro  ladabtad  to  Mr.  L.  notkia* 

Or.  0.  Coabaa,  Mao  C.  Olrlcb  ant  Dr.  V.  Oaartaae 
for  tba  halv  tbaj  haaa  randarad  la  tba  font  of 
aai^  dlaraaaima  darliic  tba  coviraa  of  tbla  werk 
aad  to  Dr.  H.  CaldvMll  of  tha  Baadlx  Irlatloa 
Corponttoa,  long  Branch,  Raw  Jaracj  for  fyiral*- 
lag  gaToaalaa  aat^laa. 

BEfTOCTCa 

1)  t.  r.  dbasa.  *rrocrait  in  Saaieondoetora*, 
Jaba  Wllagr  a  Sooa,  tnc..  Mao  Tcrk,  1.  T.. 

Tol.  2,  229>  1957. 

i.  B.  dnaa.  I,  lacoba  and  F.  i.  Broad. 
*Hlerouaao  Tocbniqiiat  in  Haatnraaaet  of 
Ufatdaa  la  Caraanina*,  J.  Appl.  Fhja.. 

Tol.  30,  W.  1054-10601  July  1959. 

B.  J.  ■arrlek,  *Mttal  to  Saaleendoetor  Coo- 
taetas  lajaetlon  or  Extractloa  fat  Utbar 
Mractlaa  of  Currant  Flow*,  Figrt.  Baa.,  Tol. 
119,  fpw  SBMKQi  19  iuguat  1959. 

2)  J.  A.  Strottea,  *Blactroangnatle  TSaoty*, 
HcOraa-nU  Book  Coapaiy,  Inc.,  Bn  lork, 
a.  1.,  p.  919i  1941. 

3}  i.  ■.  Brwiutll  and  R.  E.  Baaa,  *T1>ao>7  aad 
AppUcotlao  of  Merewaraa',  MoCraw-fUU  Book 
Coapaay,  Xae.,  Bau  lork,  B.  T.,  p.  279|  1947. 

4)  If  •  alab  ef  high  raalatlaltj  garaanlua  la 
arratgail  to  fill  a  Mctton  of  tba  waaagulda, 
it  tnraa  oatt  that  In  tha  asparlaast  daaerlbad, 
tba  guldo  Maaalangtb  la  not  rtry  dlffaraat 
trem  tba  auaalengtb  In  an  Inflnlto  alab  af 
garaaalrai  For  laatanca.  In  tba  caaa  af  a 
plaao  aoaa  at  10,000  uagacyolaa  tba  utaalanglh 
la  appaozlaataly  .75  cua  lo  garaanlra.  ^ 
tba  caaa  of  tba  aauleonduetor  flillng  tba 
varagsldo  and  ^  4.65,  tha  gulda  Mfalai^tb 
la  apfraalaBUly  ,76  caa. 


ntaPASATioa  caoTiins  n  < 
10,000  maustcm  ra. 


(T  .1 

lsteJ»d»}J _ 


93.04 

8B7.7  98.9# 

909.6  •9.93  a^*’’’** 

945.1  a^'*"*  S4-S0 

102i.0  76.g1 


TABU  12 

ATTEHOATiaii  CORSTABT  AS  k  IWCTlCa 

or  conscrms 


<r 

(oha  aatora) 
2 

3 

4 
6 
10 


^a 

napara/aatar 

93 

143 

192 

270 

420 


aptlaua  Uagtt 

1»  aatara 

5.4  »  lOr* 

3.5  s  lO"’ 

2.6  a  10“* 
1.9  a  10’’ 
1.2  a  10"’ 


TABU  til 

DATA  FOR  PHASE  SHIFT  KTia  HITB  SMAU. 
ATtTNUATIOH  CHABCK  AT  9600  ICCdCICUS  FU  SKa» 


Changa  In  atlaiaia 
tlon  la  db  wltb 
raapact  to  no 
current  Injaetad 


n>aaa  Shift  Carront  Injactad 
In  darraoo  la  allUaaparM 


♦.31 

8.6 

2 

♦.46 

13.5 

6 

♦.37 

16.9 

6 

♦.39 

23.2 

8 

♦.26 

22.2 

10 

♦.07 

W.7 

IS 

-.08 

27.2 

20 

-.16 

29.7 

2S 

-.U 

31.7 

30 

67S 


ATTCMMTION  4k 


U8T  or  umoM 


flfmr*  1l 

rifv*  at 

71c«r*  Ji 

rifva  4i 

rifvnT  it 
flfon  6t 

near*  f* 

ngoT*  Si 

n|«r«  Oi 

n(w«  ioi 

nfor*  11 1 

rigm  12i 


TnnailMlea  llM  aMlafM  tVr  •  plua  WM  tr— 1t»i4  • 

•Ub  of  dUlootrlb.  !•  tbl*  aoM,  mAIib  1  aaS  BaUMi  3  ■••  air 
•aS  Mdlw  a  to  ronaalm  af  lav  BoaSadtloHy* 

•teviltaSa  of  Dm  .t^tlo  of  Olo«*,rla  floU  lataaoltTi  SnaoilttoS 

ihnraili  tfeo  f  iBombtolor  to  tbo  olootrlo  floU  lotiISfcit 

^poa  tba  froat  aarfbao  oo  o  IbBctloa  of  1>1  obaon  oaS  ojaSaMvltp. 

TIm  pboM  onclo  of  tbo  troiMalttad  olootrlo  flalS*  allk 
roopoot  to  tho  olootrlo  flo]4  leoldaat  oa  tbo  float  aarlbaof  >!»• 
oo  o  faaotloa  of  tbldoiooo  oaS  ooadaotlTl^. 

TiM  aocnltado  of  r.t  tbo  ratio  of  tbo  oloetrla  flalS  Jaat  aiSar 
tbo  front  ourfaoo  Of  tbo  ooaloombMtor  to  tbo  InolSoat  flalS  la 
air  aa  o  fbaatioo  of  tblekoaio  and  oostecilvlV. 

Tbo  pbaoo  anglo  of  oo  a  fbaottoa  of  tllbkaaob  aid  ea^tectlrltPo 

Two  arrancoaacto  for  erlontatloa  of  a  ooal  caadoetnr  slab  la  a 
waiaculdo.  To  flforo  to,  tbo  larsaot  tbaao  la  orloatod  P**T*~*'~*^**‘ 
to  tbo  flow  of  BlarawaTO  powor.  la  ngor*  Cb,  tbo  sms  plaas  is 
orlantad  parallal  to  tbo  powor  flow.  Tbo  aatartsl  Is  39  aia 
I  tfpa  garsoaliai  and  tbo  lBl!iia«  1010001*.  aold  oatias^  atrootaro 
foraa  a  tppa  of  PII  dlodo. 

tltsnaatton  of  powor  aa  a  flmotloa  of  eurront  lajootad  ft*  0 
acaplo  vltb  ^  «  .1%  oas.  Tbo  orlontatioa  Is  daosrlbsi  la 
ngviro  6b.  Tm  arsatlaa  attamiatlon  rafora  to  Infroaood  liaii*too1ia 
as  PtI  dlodo  is  blaaad  la  tbo  roraroo  dlroctloik  ftaqgooaap  was 
9600  ■sgaeyelos  par  soooad. 

iitotaaotlon  of  aierowaTo  powor  as  a  fenctloa  of  fbnsord  OTsut 
and  MTsrss  woltagt  for  a  taapla  lor-^tb.  li  ■  .35  Vroqaoam 
was  9600  as0io7olas  par  oaoaa^  * 

ittonuatlon  of  alcrgwawa  powor  os  a  foaotloa  of  foswarS  awnoat 
BBd  roTorto  tdIUco  for  a  saaplo  longtb,  1.  *  .60  aoa,  Flotooiwy 
wis  9600  ascaopolso  par  soooad. 

Ittonuatlon  of  olcrowaTs  power  as  a  ftoietloo  of  fbnarl  oafisiit 
and  roTorso  woltasa  tor  a  Mjpplo  longtb,  l^  ■  *80  *s.  fTsgooasy 
was  9600  as(ao7clss  par  socond. 

VsTalanctb,  X,  of  olaotroasKnotle  wawss  la  a  asdlsa  sT 
(arrsjvluB  as  a  fbnctloa  of  eondwetirllgr  V"*  Its  frsqasaqr  Is 
lodlostod  along  oaeh  solid  Has. 

Tbo  pbsoo  shift  of  ansploo  orloatod  ss  sfaowa  la  ngora  6b.  altb 
1,  rarrlng  fToa  .191  era  to  .80  ota.  Tbo  pbasa  shift  was  assiarsi 
ooocvoTOntlj  wltb  sttornistlon  la  a  alcrowawa  brides  ao  tbo  forward 
eurront  was  Injoetod  la  tbo  F18  dlodoo.  At  approzlaotalr  a 
loDgtb  ef  .2  eaa  tba  pbaaa  ablft  boooaos  nagUglbls  oltSaa^ 
oTor  3.0  db  of  attonoatloa  was  obtalaad. 


•yt  BBlWct 


ut  SDiCftvot  ttawigoti  rot  awcf  rut  wAroti 

ChMtU*  FroiMC  V.  t.  T»«Ulat  D*vlc«  C«U«r 


latroAtetlga 

4  bit  Mlcatvr  aTtctsi  far  Mtacc  lira  wm^am 
bat  racantly  ba—  AaaalaptA  ta  affar 
traUlat  tnv  paranaail  tiaif  >tiat  la  lm4 
rowAtt  uadar  a  battlaflald  aaiaiiaMtat.  Spaclal 
ttehalfwaa  ara  aaad  ta  tlslata  tba  affacta  a( 
fra^rly  firing  a  tactical  aaagaa  at  paraoaaal« 
vablcla  and  fortlflcatlaa  tactata.  Tba  baalc 
CTtcaa  caa  batt  ba  datcrlbad  hy  Flgara  1  lAlcb 
lllattrataa  alaalatar  afaipnant  alftrlag  aaapnn 
and  target  ctptbllUlaa  far  an  Infaatrj  rlflanan 
In  tba  field, 

tba  vaafoa  agal#nant  coaatata  mil 

(a)  A  pbotoalactrlc  ta1nac«pa 

(b)  A  rirar*a  trnatnlttar 

(c)  A  trigger  awtt^  naantad  vl*^ln  tba 
naapoa  nblcb  acilmtaa  tba  ayatan 
aban  tba  trigger  la  fnllad. 

Tba  targat  agclpnent  eanalata  aft 

(d)  A  target  racalaac 

<t}  Aa  amldtractlanal  anaoa  flaab  tdba 
■  ■■filly 

<f)  A  rifia  aataoM  for  bath  agatyf tw. 

Tba  f nriilaaaatal  prablaaa  af  tba  ajicca  art 
divided  into  tbe  fellowiag  tbma  categerieai 

tdonctficatloe  of  tbe  Intended  target  eltb 
taapacc  te  otbar  targeta« 


target  afatynant.  Tba  prablan  nf  tnrgdt  tiatlfb- 
catlon  U  raaalvad  by  c^lng  tba  tlna  at  ebifb 
tba  targat  flaabea  «rlth  raapnet  to  tba  tdna  ad 
tba  iMarrogation  pnlae.  9peii  racalpt  nf  Cbn 
tntarragatlan  pwlaa«  tba  targat  etarta  a  oada 
ganarator  ablcb  yrodocaa  two  pnlaaa  paaltf  anad 
In  ttna  fran  tba  iatarrogatlon  folaa«  Tbln 
coding  circuit  ta  coupled  ta  a  flaab  taba  criggar 
clronit  whicb  flaabea  each  lanp  fran  a  ASO  enlt 
power  aupply.  Eacb  targat  baa  a  anigoa  aa^in^ 
tton  of  coded  tatarvala,  tbaraby  applying  A 
algnatara  of  tba  targat  ta  Ita  codad  flnaban 
bitectioa  of  a  flacb  fren  a  apaclftc  target 
raaulta  only  wbea  tbe  weapon  la  properly  ninaJ 
cod  fired.  Tba  photealactric  talaacepa  of  tba 
weapoo  detacta  theaa  flaabea  and  trananlta  m 
aoa  nllllaaeood  n.y.  pulaa  eotncldant  witb  aneb 
flaab  to  all  targata.  Tbrougb  naa  of  damdfag 
clrcwlta,  aa^  targat  coapetaa  tba  racatpc  nd 
both  t.y.  polaaa  wltb  tba  flrat  and  aaca^ 
coded  delay  tinea  of  aacb  flaab.  Only  tba 
targat  that  racaivea  n.F.  pulaaa  coincident  witb 
both  ftaehaa  la  capable  of  Indicating  a  bit« 

Tbe  target,  now  la  a  aiata  of  potent  ini  blt^ 
walta  to  datamlaa  Ita  viilDorouiUty  to  tba 
weapon  thet  fired.  Bacb  waapoa  la  coded  an  Cbat 
a  alagla  t,y,  pulaa  la  Craaantttad  wbea  e  lall 
ama  waepoo  la  fired  and  two  pulaaa  for  larger 
wcapooe.  If  vulnerability  la  eatabltabod,  than 
tba  bit  indicator  ayctan  at  tbe  target  genemtan 
a  3000  cycle  tooe  at  tba  apaabaf  for  A  tan  aacani 
interval.  At  tba  aad  of  cbta  period,  a  ppm  ■ 
tacbttU  davUa  la  alactrlcally  trlggamd,  pm* 
ductt&g  a  flaab  and  anoba  icdlcaelen  at  tba  target* 
An  electrical  fuaa  la  alao  blown  wbicb  dnnrt ivatao 
all  weapon  and  targat  agelpnaan* 


2.  Proper  ewperelewetUia  «f  tbe  weapon  to 
correlate  witb  target  rawga. 

3.  Cooflalng  tbe  veoalttf  field  of  view  el 

tbe  pbotoeleetrlc  taleecope  to  tbe  area  of  e 
target  u  tUe  «•  •  fen Bt ton  of  range. 


A  block  dlngicM  of  tba  apatow  to  yignra  lA 
ItloaCraeca  cbe  operetlaa  af  tba  baalc  flrar 
equipnaet.  Pre-travel  of  tbe  trlgyer  of  tbe 
weapoo  inlctatea  a  nleroavlt^*  wbicb  cloeee  a 
relay  rlthln  tbe  ftrar*a  pack.  Tbla  eaergUea 
all  trunalator  circuita  and  tnittetaa  power  re 
a  150  Hegacycic  f.H.  traaanlctar.  Proper 
trlggtr  aquaece  catabliebea  anffielaiit  warn  eg 
tine  for  tbe  fllMcoCa  of  tbe  traaaoltcer. 

When  tbe  weapon  Is  fired,  tba  vCbratloO  cf  tba 
aear  ralaaai^  tba  bavar  la  picked  wp  by  a 
barliB  tlt«kate  crystal.  TbU  algaal  la  ugli¬ 
fied  and  treaaferred  to  a  coding  clrcnit  wbicb 
nodulatea  m  P.M.  trananUtar  aad  laltlatee  aa 
ty  iaterrogetloo  pulaa.  Tbe  interregat  lea 
pulae  la  traomlttad  ovildtractlooally  to  a' 1 
targat!  wicbln  tbe  effectlvo  range  of  tba 
weapon.  A  block  dlagran  of  tbe  ayeteii  in  Plgwre 
2b  lllwatratca  tbe  operation  of  tba  basic 


ttucpca  of  Iveota 


A  tine  acgoenca  dlagran  In  Plgwro  3  illwntsntan 
the  tine  relet toothlpa  botween  tba  operation  ad 
veapoo  aad  target  e^ulpawata.  Tba  first  line 
repreaeota  trigger  action,  Trananlttar  wnaw-w^ 
occure  wbea  the  trigger  la  pulled,  and  1»  Ita 
pra-traval  prior  to  rolaaalng  tba  bwMar.  bban 
eba  hiMer  la  relaaaed,  the  vibration  detactac 
chat  ta  part  of  tba  trigger  awltcb  aaaenbly  picbn 
up  a  vibration  shewn  on  tha  aacood  liaa,  Tba 
flrat  vlbcatloa  la  chat  of  hOMar  ralanaa  and 
occurs  at  t^.  This  la  of  rolatlvaly  mnll 
ai^litude  aa  cowpared  to  tba  firing  «*f  a  blnA 
rouad  4  ta  10  alllleecooda  afterwarda. 


Tba  eert  lire  llluatrataa  traaanlctad  pwlnaa 
fron  waapoo  ta  target  occur Ing  at  t  aad  catn* 
cldeatly  with  each  targat  flteh.  Tba  patai 

trananltted  at  t^  ^  10  nllllaeconda  reanlCa 
frow  Che  detect  ton  of  Che  blank  rowed  being 
fired  for  a  anell  ame  weapon.  A  aecapd  pulaa 
occur#  ec  t^  ^  11  nllllaecenda  for  larger 
caliber  weapeoa. 

Below  Che  doited  lli>e  la  a  dlagran  of  gba 
tlnlag  aequecccs  of  coding  aad  decoding  ctrculta 
at  tba  target.  The  flrat  coda  Interval  fac  tbin 


p«rtietil«r  t<rt«C  U  at  tm4  U  9 

■UlU#ccod«  loQQ.  this  piAm  «««•••  flask  tfAm 
Vo.  1  to  trl|i4«e  aft  9  ■OUftOteo^a,  Ite 
flaahlnft  of  thU  1m^  m  tacooft  co4a 

Ifitarvol  4  atllUooaMft  te  teMloa.  At  Cka 
oo4  of  c  ♦  7  ■illlaocooift,  •  ftotoftf  (look  toko 
U  trtSS^^o^*  iofthwtoc  4avle«  la  aat- 

Ivata^  altar  all  coM  eoaMJaao  ara  oatUfiaV. 


Vroblana  of  corralaftlftt  targM  ranga  «#ltti 
vaavoa  auroral  a  vat  laa  aa4  aaaltaiai  tha  aaaalttva 

It€l4  of  vtav  of  tka  yketaalaaftglc  talcacopa  c« 
tka  targtt  area  la  raaalaai  hf  a  apactally 
dcalgoad  gray  aeala  ratltla  tllaatcatad  la 
Plgura  4.  Ika  gray  acala  vaalcla  it  capabla  of 
oaaaurlng  an  aapllt«4a  of  al^Ml  corralatad  wltk 
vaog*  Vy  coMpariog  tkia  aaMltaVa  with  tka 
an^la  tkrovgk  vktck  tka  aigaal  la  racatvad. 

Tklo  anovnta  to  tka  rinaaaa*#  aatlaata  of 
tang#  la  taroa  of  avpatalaoaftlaa  of  tha  «#aapoo. 

Tka  davlca  alao  aarvaa  to  aaftawatlcally  ckanga 
tha  ftald  of  vtav  of  tka  ykaCoalactric  talaacopa 
vich  changing  tango.  Ykla  yravtdaa  a  vwlnarabla 
targat  area  of  coaataat  aiaa  tkat  la  (adepeodanc 
of  tha  targat  raaga  fraa  tka  aMftpoA. 

Tha  ftald  of  view  of  tka  talaacopa  la  reatrictad 
by  pountlng  a  field  atop  aft  tka  focal  length  of 
tha  objective  wtileh  la  La  tka  flrat  l«4*e  plaaa 
of  the  optical  ayatcai.  Ikla  fteld  atop  la 
cooplacaly  opa^va  axcapt  foe  a  halo  la  Ita 
aentfer.  Tha  ahapa  ot  tkla  kata  deflnaa  tha 
ahape  of  the  projactad  flaM  al  vtav.  If  thla 
field  atop  v^ra  trlangalar  te  ahapa.  and  dtalgnad 
to  ba  projactad  at  aoaw  apK*fU  rang#  ao  that 
U  vaa  y  feet  hlgk  and  3  faaft  acreaa  at  ita 
bea<«  It  vovld  project  a  aaaattlva  area,  tri¬ 
angular  la  ahapa  aa  akoa«  |o  rigura  A.  Tba 
point  of  al«,  that  la  tka  afftltal  axla  of  tha 
tcleicopa  la  bora  alghtad  viik  tha  llna  of 
tight  OQ  cha  vawpoa^  and  W  adjuatvd  ao  that 
It  falla  at  tka  vartaa  of  tkla  trlangla.  If 
tha  weapon  la  tben  ataad  aft  tka  light  iovii  ^a 
on  a  peraonnal  targat.  lafrarad  aaUtad  fro« 
thla  sovret  vin  paaa  tbraagk  she  field  atop 
and  vlll  ba  detected.  Tkla  Inverted  tilaogla 
can  be  dlaplaccd  dovovard  mad  to  the  left  aa  la 
Figure  (b)  ae  that  tha  paint  af  ita  la  at  tka 
left  hip  of  tke  aan,  lafcaaad  could  still  ba 
emitted  through  tba  field  atep  and  detected.  Tka 
aaae  applies  to  tha  rlgkt  aMe  of  tha  man  aa 
indicated  in  Figura  (c).  Tkla  then  reaulta  la 
a  vulnateble  area  stvova  la  rigura  (d),  tka 
shape  of  vhlck  la  am  Lnverslaa  to  tha  projected 
sanslciva  area.  If  aa  aim  palmt  is  saleccad 
anyvhera  within  thla  r.rlaa^lar  vulnerable  area 
a  hit  will  ba  detected.  Tka  problem  nov  in 
to  eaVe  the  alee  of  tkia  talamgls  change  auta* 
matlcelly  vitw  range.  Tkla  la  posstble  due 
to  the  requirement  that  tke  rffltman  elevate 
hts  weapon  to  compemaata  fae  projectile  tra¬ 
jectory  with  iocreaalAg  ra^^.  This  reaulta  Im 
effectively  alldiag;  tka  dealved  vulnerable 
area  as  shown  In  Figure  (e)  mf  or  down  as  raoga 
Is  Incressed  or  decreased.  This  vulnerable 
area  ahovn  la  Flgnrc  d  mmt  kscoma  smaller  vltk 


incceaaiaf  ramga.  Tka  raamit  fa  a  vmftlcla  vlck 
carved  aldea  amd  a  flat  kaaa  tkrma  laet  acreM 
•t  tha  mimtflum  raaga  of  tka  maapaa.  Tkla  iwtaa 
ia  mldtk  aa  tba  tkraa  feot  dlaaaalsa  akktaada 
a  aaaller  aad  amalter  aagla  vttk  taaraaaiag 
naga.  A  target  at  maelama  raaga  naald  ragalra 
a  vuiaarabla  area  cemalatlag  el  aaly  a  Mall 
fertioa  oi  tka  vaiftaa  of  tkla  eaftiia  wlaerskla 
area«  Aa  tka  targat  movaa  cloaar  ta  raaga, 
tkla  CrUogmlar  pattara  aavaa  daaa  acraaa  tka 
vmloarakla  area  aad  ateadily  laetmaaea  ia  kalgkft 
malataioiag  a  9  feet  klgk  area  aatU  ika  alaiSM 
raaga  point  ta  reached.  Tkla  reaalta  ia  tka 
Conatloa  of  a  trnpeaoldal  area  ef  vmlaatabllUy 
iaatead  af  tka  trlaagvlar  area  akam  la  flgara 

The  ptoklea  1#  mom  to  eatabllak  tm  mpper  aad 

lower  baae  lino  for  tkla  trap lastd.  Tkla  la 
accomplLahed  by  shablag  tko  reticle  field  atop 
of  tko  telaaoope  a  grey  acale.  Tkla  acala  ia 
calibrated  ia  demaity  la  acceeisacn  with  tba 
firing  teblca  of  tke  veapoa  mklck  abaw  tka 
ragulred  alevntloa  of  tks  maapnm  at  all  rangea. 
The  grey  acale  varies  la  demalty  froa  clear  at 
tke  aaxlaM  range  end  of  tke  projected  area  te 
a  very  danaa  area  at  tka  mlalasa  caage  aad 
ef  the  pattern.  This  tktn  aaaaa  that  tka  slgaal 
received  by  tke  pkotowranalater  mill  ke  of 
eigual  aeplltude  for  ell  rengea  If  tka  iseapoa  la 
programmed  properly  im  empereleemtlaa  aa  tka 
target  ckengao  Im  raaga. 

The  output  af  tke  pkototrsnalatac  laeda  a 
afsa  detectiog  circuit  located  ta  ck*  ftrer** 
ontt  vhtek  regulrea  a  mUimaa  tkreakeld  algnal 
to  trigger  the  kit  Indicating  clrcvlt.  Tkla 
circuit  ta  provided  with  aa  upper  catelf  Itait 
auch  that  If  Che  wtapom  la  aimed  toakigK  the 
algoel  received  wewld  ke  ia  emeeaa  ta  that 
veqmtred  for  tke  range  af  tke  target.  A  cutoff 
circuit  la  triggered  vblck  prevoota  tke  tadicatteo 
ef  e  hit.  Figure  <ej  skoma  a  cemditlon  vkerela 
tka  weepoa  waa  aimed  tea  lorn.  Tkla  rcsmlta  la 
tke  image  of  tka  flask  Cube  paaolag  tkromgk  a 
dense  part  of  tba  grey  acale  aad  thereby  being 
atcenueted  to  a  point  belov  tko  alnimme  tkreakeld 
detecting  level* 

Figure  (O  Imdtcaten  a  eltvatlea  mkere  tba 
weapon  vae  aimed  toablgb.  The  clear  pertioa 
of  tha  acala  waa  macd  reaeltlng  la  a  aigaal  mi 
aufftcient  amplitude  te  trigger  tba  cutoff  tube 
circuit  reeu'icing  ia  a  mlaa* 

Figure  <g>  depteta  a  altmatUa  vkere  tke  iMga 
falla  through  the  wlaerekla  portleo  ef  grey 
acale  providimg  proper  superelevmtiom  maa  aati- 
ewited  end  onder  tkla  coadltlam  a  kit  ocevra* 

Aa  exploded  view  of  tke  photoelectric  tele# caps 
ia  gtvem  ia  Figure  (9).  This  wte  la  nacklmad 
no  that  Ita  monettog  ia  borestgkfted  ta  tke  kanrel 
of  the  rifle.  The  telescope  maee  f.  objeettva 
lenses^  3b«s  la  diameter.  Tkcee  lemaee  fetme 
Ike  Image  om  the  reticle  field  atop  akeom 
Ueeedietely  bcblod  tba  mela  korrel  of  tke  t«le« 
acope.  dlgmal  paaalog  tkrumgk  tke  field  atop 


U  eoll««t«4  ^  of  oftteo 

tocmmd  oa  a  Malt  caltoctar  loaa.  I^la  loaa 
focaaaa  cte  ottaai  o«  •  G.l.a  1)93  fWototroaoia* 
tor.  Aa  aapllflor  irltbU  tbo  ttlooeopo  hu  boaa 
dottgM<  to  prwt4o  both  goto  «q4  D.C.  Itobillaa* 
tloa  far  tbo  AotacSor.  A  ftltor  aowatof  botvoM 
tbo  oocoo^  loM  StMf  ood  tho  pbototraaalitor, 
oltaiaatM  cba  poaolbllltf  of  Mtutotiag  tha 
dotoctar  witb  vtalblo  light* 


Tha  flaah  laa^  Mtoably  ohoiai  la  flguro  4 
cooolota  of  cva  Goatrol  tlrccrlc  soaoa  flath 
Itapa  to  a  roTn  boro.  Thao#  iMa# 

•ro  loadod  to  •fproxLaatcly  20  vitt  orcoodo 
which  cxtoado  Ita  llfo  to  ovor  100,000  flothoa* 
Tho  laa^o  oro  oa^liod  bj  ttorogo  copocttoro 
chorgod  to  4S0  wolto  ood  ro^ulro  a  trigger 
potcatlal  of  10  woltt  at  20  alllljoulaa. 

Adjocoat  to  tha  flaah  ahowo  In  figure  I 

le  aa  Infrared  filter.  Little  or  ao  vletble 
light  can  bo  detected  radiating  froa  theao 
flaeh  tao^a  htcaaee  a  filter  la  uaed.  A  luclto 
doaw  la  uaed  to  fcovlda  aechanlcal  protectloa 
to  tba  lo^a.  Tba  ebteld  ehowo  in  figure  b 
adje««tnt  to  tha  plaatlc  doaa  la  uaed  oa  the 
flaah  lae^  aaaocloted  with  vehicle  aod  fortlflca^ 
tlOQ  target#.  Thla  ahleld  ILotte  che  redletlag 
field  of  the  flaeh  laep  required  for  vehicle 
eod  laatallacloa  targete.  la  the  caee  of  the 
peraoaael  target,  the  flaah  leap  aaaohbtf  la 
aoocted  oa  cbo  helaet  oad  doei  not  hove  tUia 
abltld.  Alao  ee^Mted  to  the  helwet  end  potted 
la  tho  beee  of  the  flaah  laap  aeeeahlj  are  high 
voltaga  trigger  colU  asd  an  L.f.  aotenno  coa* 
oectiM. 


Il60  Kachlao  Cm  t^lpMnt  la  illuatreted  lo 
flgvro  7.  Ihe  oparaclon  of  the  hit  Indicator 
afat«  roqulrea  eoae  addUlonel  ctreutta  to 
aUailoca  a  burac  of  fire  elncc  the  H60  Kochloe 
Cun  ia  act  capable  of  automatic  operation  with 
bletJl  rouada.  Three  circuit#  ere  roerglscd  by 
loading  a  alagla  blank  round  and  firing  it. 

The  wibratloa  datected,  trigger#  a  circuit  that 
frea^raoa  up  to  a  maxim*  of  alx  puleea  pet 
bleak  ro%Hid.  The  teleacope  used  with  the  HhO 
la  dealgped  to  have  e  max  ten*  range  of  1000 
yerda.  The  grey  ecale  pattern  for  the  M60 
mecblitr  gua  le  elaller  to  that  of  the  )114  rlfla 
with  Che  exceptloa  that  It  le  much  higher  la 
•lea  duo  to  the  •uperelevatloa  required 

of  ebr  weapon  at  meximM  range. 


loam  fecolllree  tlfle 


Tha  hmalc  eyetem  hea  alao  bctis  developed  ^ar 
a  recollleaa  rifle  operating  over  a 

raoge  of  2000  yarde.  A  photoelectric  teleecopa 
of  Ixicreaacd  eenaUtvlty  using  a  photoanilClpller 
la  required,  normal  aiming  cad  firing  technl^uro 
are  mfmilated  awch  that  a  target  Image  ta  viewed 
on  a  reticle  patten  of  the  weapon  eight.  Brrora 
la  ramge  eatlaatloop  oormally  drmonetraced  by  a 
50  callhar  epottlag  round  are  Indicated  ae  high 


or  lav  fitaaaa  vtchim  a  al^it  adaptar*  Thla 
high  or  lav  mlaa  datar^tem  ia  paaalbla  by  maiag 
tha  gray  acala  priacipla  daaerlbad  aarllar  amd 

by  tacreaaad  cpttcal  aemaitlwlty.  ilgaala 
paaalag  throagh  tha  daoaa  pertioa  of  tha  gray 
acala  aarmally  halav  tha  thraahold  lawal  ad 
a  hit  ladlcatlM,  are  datactad  aa  lev  alaeaa* 
•Igh  alaaaa  arm  detected  by  photoaleetrte 
awtputa  ta  axcaaa  of  tha  waaf  algnal  panaia* 
aabla  for  a  bit  Imdlcattom.  Tha  algbt  adaptor 
awparlapaaaa  a  hi^  or  lev  mlaa  ladlcatlom  llgbd 
la  tho  aoma  relatlva  poaltloa  of  tha  ratlcla 
eight  pattara  that  a  apottlim  roimd  vomld 
motMlly  appear. 

Oua  ta  tha  relmtlnly  low  velocity  of  tba 
lObmm  rotad^  it  la  aeeaaaary  ta  almulata  load 
O')  a  moving  target.  Thla  ta  accompllahad  by 
dlaplaclag  tba  optical  aala  of  tha  talaacopa 
through  a  find  load  amgla  aa  tha  gunner  mav 
auvera  tba  treemnlag  mechaalam  of  tha  waapoa. 


Vehicle  and  fortlfi 


Operatloa  of  the  eyetam  with  vehicle  and 
fortlflcetloma  tergeta  le  llleetreted  In  Figure 
0.  Four  flaablaa^  aaam^llee.  attached  to  the 
vabicle,  are  am  directed  that  flaehea  from  oaly 
ome  la^  are  eialbla  la  only  one  quadrant. 


tech  of  theoa  flaablamp  aaaembllaa  contelna  2 
fta»b  tobea,  am  IR  filter,  trigger  coil  elrcuita, 
a  12  emit  rechargeable  nickel  cadmium  battery 
acd  a  450  volt  p^oMir  avprly.  A  aurptemeofary 
pack  la  eeed  le  comjunciloci  with  tba  paraaoaal 
target  pack  to  eparata  tba  flaab  lamp  aaaaebllaa 
movQted  on  the  wehlcla.  Aa  unflltarad  xenon 
fleabtube  ia  alaa  uaed  for  ladicatloo  of  amall 
arna  projectile  blta*  A  pyrotechnic  hit  lodicator 
ia  triggered  ocly  when  the  vehicle  la  hit  by 
a  large  callbev  weapon  amcb  aa  a  lOdM  recollleaa 
rifle  or  o  el^lftcaat  oMber  of  hits  by  amall 


Althoogh  tba  ayetem  deaertbad  la  ooly  in  tha 
experimental  stage,  the  special  techniques  em¬ 
ployed  can  be  of  eonaldcreblt  Importance  to  tha 
Army  Im  their  ^wlopment  of  e  future  combat 

aaaeaaor  ayetem. 


Appreclatlom  la  extended  to  Hr.  Thtllp  Tixapp 
and  others  of  Aircraft  Aixmmenta  loc.  for  their 
work  la  the  design  amd  development  of  this 
ayattm. 
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Introduction 


In  aony  radar  and 

tana  uaeful  Inforaatlon  1  In 

tha  frequancy  of  racalved  Tnm 

alenala  of  Interaet  ara  uk  yb> 


acured  by  noiea  and  banka  oi  .ontlgu- 
oua  flltera  have  been  uaed  for  fre¬ 
quency  Identirieatlon  and  aignal-to- 
nolae  ratio  enhanceeent.  Koeever  tha 
uaa  of  auch  flltera  praeenta  the  fol¬ 
lowing  probleaa:  l)  If  good  frequency 
reaolutlon  and  algnal  enhanceaent  are 
deelred,  a  very  large  number  of  flltera 
auet  be  uaed;  2)  The  outputa  of  the 
flltera  are  eaaentlally  alnultaneoua 
and  tc  BBcertaln  which  flltera  reapond 
to  a  certain  Input  it  la  ncceaaary  to 
aasiple  the  outputa  of  all  the  flltera 
In  a  relatively  abort  time;  3)  It  -^y 
be  dealred  to  eaplcy  the  transient  ehar- 
aeterlatlc  of  flltera  to  achieve  linear 
algnal  Integration.  If  ao  the  energy 
atorage  In  the  resonant  filter  eleaenta 
llNlta  the  rapidity  with  which  the  alg- 
n«l  proceaalng  can  be  repeated.  These 
and  other  problena  aaaoclated  with  the 
use  of  discrete  flltera  are  overeoM  by 
a  delay-line  aynthaalzed  filter  bank 
which  waa  developed  by  Federal  Scientific 
Corporation  for  the  U.S.  Air  Force  under 
Contract  AF  30(602 )-l6l3. 

Iha  hlgh-reaolutlon  apectrua 
analyzer  for  which  the  trademark 
"Sil^ORAhlC”  liaa  been  adopted  ayntheslzas 
the  equivalent  of  thousands  of  bandpaaa 
filters  located  elde  by  aide  In  the  fra- 
quency  domain  through  the  uee  of  a 
single  delay  line  in  a  we  11 -controlled 
closed  loop.  The  analyzer  presents  tha 
raaulta  of  Ita  real  tlM  signal  Integra¬ 
tion  and  apectrvM  analysis  In  par-oraade 
forei.  It  la  not  a  awept  filter,  but  It 
operates  alwultaneoualy  over  Ita  entire 
coverage  range.  Ibe  frequency  location, 
liapulslva  response,  and  gain  of  all  the 
synthesized  filters  are  deteralned  by 
the  eaa«  network  alesiente  within  tha 
closed  loop.  Baking  for  excellent  rail- 
ability  and  stability.  The  outputs  of 


the  iMdlaldual  aynthealaed  flltera  ara 
preaatitad  saquantlally  for  cither  huMsa 
observation  or  conputar  conauBptloo. 

Tha  Uipulalva  reaponaa  of  tha  Individual 
•ynthaslsed  filters  can  ba  readily 
changad  elactronleally,  panalttlng  the 
ayatea  to  adapt  quickly  to  changing  ra- 
qulraaenta  of  fraqueney  resolution  and 
Integration  efficiency. 

Before  dlacusslng  the  operating 
principle  and  tha  eharacterlatlca  of 
the  SIMOAAiaC  Analyzer.  It  la  pertinent 
to  review  the  available  aethods  of 
epectrua  as>alyala  and  the  analyzer 
charaetcrlatlca  required  for  the  aue- 
eeaaful  procasalng  of  tranalent  slgnala 
In  tha  preeenca  of  nolaa. 


Spectrua  Analyala  of  TlsK-yarylng 

SSaSi 

•  tiaa-varylng  algnal  has  a 
frequency  epectrua  which  changes  as  a 
function  of  tlae.  Consider,  for  axsa- 
pla,  the  problea  of  snalyzlng  speech 
elguaia.  During  the  pronounclatlon  of 
a  elngle  word  the  sound  apectrvae  changaa 
quite  repldly  and  In  spaach  analysis 
It  la  fraquently  deslrM  to  obtain  asny 
auecesalve  “abort  tera’  powar  spectra 
during  the  pronounclatlon  of  a  slngla 
word.  If  a  ooepleto  Fourlar  apectn* 
of  a  signal  la  to  be  obtained  In  resl- 
tlM  tha  analyzer  must  be  able  to  ob¬ 
serve  all  frequency  coaponents  of  the 
elgnal  eUsultaneoualy. 

There  are  aany  oecaalona  When 
it  le  of  the  utaoat  laportance  to  aeas- 
»ire  the  epectruv  of  a  algnal  In  real- 
tlao.  An  exanpla  la  afforded  by  a 
radar  ayatea  which  la  called  dpon  to 
dlatlr^uiah  between  different  types  of 
targata  by  real -tine  detervilnatlon  of 
target  aclntlllatlon  charactarlatloa. 
Sljvilar  probleaa  ealat  In  tha  field  of 
sonar. 


naratefcrvt  tp^etrua  aMly*la 
««•  •eeaapll«b«<S  by  lottruMiit* 
with  raw  cscaptlofla,  fall  Into  two  brood 
olooMot  1.  tho  hotorodyno'typa  ano- 
lytor  ond  2.  Inotninonto  ooplorinB 
o  wultlpllcity  of  oonilsuouo  flltoro. 

Ill*  hotorodyno-typo  onolyxor 
uttllioo  o  olnslo  narrow  bandwidth  ril- 
tor  which  la  rcaonont  at  a  flood  fra- 
qucney.  lha  opactruw  which  la  to  ba 
Invattisated  la  prwaantad  to  tha  flltar 
l;i  a  aequantlal  wanner  by  waana  of  a 
frequency  converter  which  hetarodynea 
tha  algnal  apactruw  to  tha  fixed  raao- 
nant  fraquancy  of  tha  filter. 

For  tha  analyala  of  tlaa-varylng 
algnala  thla  device  hat  aerloua  dlaad- 
vantagaa.  Ihe  acannlng  of  a  apectnaa 
under  Invaatlgatlon  conauoaa  a  rela> 
tlvely  long  period  of  tlaa  alnea  tha 
acannlng  apeed  nuat  ba  alow  enough  to 
pemlt  the  resonant  circuit  to  respond 
to  any  algnal  present.  Further,  there 
way  be  signals  In  the  speetruw  which 
peralat  only  briefly.  In  that  event 
It  la  likely  that  tha  algnal  will  not 
ba  heterodyned  to  the  filter  resonant 
frequency  at  the  correct  tlwe  so  that 
such  signals  will  often  remain  unde* 
tec  led.  For  example,  the  tlae  required 
to  scan  a  10,000-epa  wide  apectnis  with 
a  3-epa  filter  la  approxltaately  boo 
seconds.  The  difficulties  aentloned 
above  are  completely  eliminated  in  the 
SlhORAMlC  Analyser. 

Some  of  the  drawbacks  of  the 
heterodyne -type  analyser  can  be  ellsd- 
nated  by  uae  of  tlse-coaq)resslon  tech¬ 
niques  or  at  the  expense  of  non-real- 
tlne  operation. 

Tha  second  type  of  analyser  ew- 
ploys  a  bank  of  contiguous  filters.  The 
anslysls  of  a  10,000-cps  spactrua  with 
ur.lfora  5-cps  resolution  requires  ap¬ 
proximately  2000  flltsra.  Each  of  tha 
filters  constitutes  a  separate  tranawla- 
slon  channel  and  tha  gains  and  frequency 
charaeterlstloB  of  all  2000  filter  chan¬ 
nels  oust  be  carefully  adjusted  In  order 
to  achieve  a  constant  gain  varsua  fre¬ 
quency  responee  In  the  analyser.  It  la 
easy  to  ace  that  gaps  luy  develop  In  tha 
frequency  raeponse  of  the  filter  bank  If 
tha  selectivity  characteristics  of  tha 
Individual  flltera  do  not  overlap  pt^p- 
arly.  If  a  visual  Indication  of  a  tlsw- 


varyli^  aigiwl  apaetrwi  la  daalrad  It  la 
naoasaary  to  aawpls  tiM  outputs  of  all 
filters  during  ona  flltar  tlaa  aonatant. 
Tlius  for  tha  aaaapla  usad  prawlaualy, 
tha  outputs  of  all  tha  2000  flltara  auat 
be  axawlnad  aesry  200  allllaaaoeda. 

(200  wsac  la  tha  noaiaal  tlwa  cooataat 
of  a  5-epa  wide  flltar.}  Iha  aasipllng 
problaw  la  avoided  la  the  SIMOUMIC 
Analyser  which  autowatieally  wapa  tha 
apaotruw  of  tha  Input  algnal  into  tlaa. 
Furtharsora  tha  auCUMlC  Analycar  syn- 
thealses  a  oontlnuuw  of  flltara  with 
Identical  salaetlvLty  tharactarlatles. 
Tha  shape  of  the  ealaotlvlty  eharaeter- 
Istic  can  ba  eontrollad  alaotronleally. 


Charactarlstloe  of  tha  SIWDRAHIC 
Analyser  -  -- 

Tha  Male  block  dlagraa  of  a 
SIHORAKIC  Analyser  channel  la  shown  In 
Fig.  1.  It  consists  of  an  ultraaonle 
delay  line  and  a  heteredynar  In  a 
closely  regulated  unity  gain  feedback 
loop.  The  hetarodynar  nay  ba  thought 
of  as  a  tlwe-variabla  phaaa  shifter,  ao 
that  the  network  la  tliw-varlabla.  Aw- 
pllflcrs  required  for  the  laplawantatlon 
of  tha  loop  are  not  shown.  Oslng  a  tlwa- 
nultlplaa  arrangasiant  ten  basic  SIHORAKIC 
Analyzer  channels  can  be  built  around  a 
single  delay  line.  Detailed  analyses 
of  the  operation  of  tha  basic  loop  of 
Fig.  1  as  a  apectnaa  analysar  and  cehar- 
ent  algnal  Integrator  have  baeo  pra- 
sented  previously. 1>2  A  brief  Introduc¬ 
tion  to  Che  operating  prlnolpla  of  tha 
device  will  be  given  before  presenting 
a  euteaasy  of  Its  charaeterlatica. 

In  the  abeenee  of  the  loop  hat- 
erodyner,  l.a.,  tho  tlwa-varylng  phaaa 
shifter,  tho  device  of  Fig.  1  roduees 
to  tha  well-known  comb  filter.  Tha 
characteristics  of  cc^  flltara  bay# 
been  described  by  khlie  and  lbivin.3  Tho 
solid  graph  In  Fig.  2  Illustrates  tha 
frequency  response  of  a  eowb  filter. 

As  Indicated  In  tha  figure  the  davlea 
cannot  distinguish  between  frequenelea 
which  are  separated  by  1/T  opa.  It  la 
easy  to  ahow  that  tha  raaponsa  frwqoan- 
olaa  of  tha  bsslo  delay  line  loop  can 
ba  shifted  by  the  addition  of  a  atatlo 
phase  shifter  In  the  loop.  Thus  by 
Introducing  a  statle  phaae  lag  of  dw  T 
radians  In  tha  loop,  tha  "oowb  freqwaa- 
oles*  becowo  shiftad  by  4 w  as  Indl- 
catad  In  tha  flgura.  Bowavar,  avaa  this 
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alUrstlaa  of  th«  boalo  lo^ 

ic  not  Mfriolook  to  eon»«rt  th« 
doljir  Intogrttor  Into  »  uMful 
■IMotran  nanlyMr. 

In  ordor  to  oonvort  thn  dtXty 
'Inn  ifitncrntor  Into  •  uooful  opnotr^* 
•ntlnnr,  thn  nl(nnl  nppllod  to  It  li 
fimt  rnttrnlnnd  to  thn  frnqanncy  rang* 


k  4  i  ^ 

Thn  tnngwml  nuiplln*  thtom*  •k«t*; 
that  •  nlcnnl  whoon  npnotnin  !•  conflnnd 
within  a  band  lA  epa  wldn,  la  unlaunly 
detnniliind  by  Ita  cocplax  valuoa  at  In- 
torvala  T.  Thua  on  thn  bails  of  this 
tbnorca.  It  la  not  nocnaiary  to  obinrva 
and  procna#  thn  bandllnitnd  signal  con¬ 
tinuously  but  only  Its  Inipnetlon  ones 
tttry  T  snconda  Is  called  for . 

Thn  hntnrodyner  In  thn  delay  linn 
loop  of  Fig.  1  "tunes*  the  filter  through 
l/T  epa  e»ery  T  seconds.  Tl.o  period  of 
thla  tuning  la  pmelsnly  Kiunl  to  thn 
loop  delay  and  thn  resulting  tlae-vary- 
Ing  filter  systea  may  be  repmsented  as 
shorn  IB  Fig.  3.  M  •hown  In  this  fi¬ 
gure,  the  signal  whose  spectrum  hee 
been  eonflnnd  to  lA  ep«  !•  applied  ae- 
oueotlally  to  a  bank  of  eery  narrow  fil¬ 
ters  which  eoeer  the  spectrum  occupied 
by  the  signal.  Ths  rate  of  switching 
la  such  that  thn  sasM  filter  la  excited 
oacn  nenry  T  nncondn. 

a  nuoiary  of  thn  charaoterlstlcn 
of  a  basic  Sl>KillA>aC  Analyzer  channel 
will  b«  pmenntnd  next.  To  oakn  thn 
dl'  '^sloD  nwnnrlcal.  It  will  bn  aeaumed 
t storage  loop  delay,  t,  of  1000 
■Icroaneonda  la  used  and  that  the  time 
of  signal  ppoceeslng  la  200  rallllseconda, 
Onder  tbean  conditions,  ona  cycle  of  ana¬ 
lyzer  operation  proceeds  as  ohown  In 
Pig.  *.  The  salient  charscterletlcB  of 
thn  analyzer  may  be  etated  as  followai 

1,  In  order  to  assure  unambi¬ 
guous  opermtlon  the  elgnsl  epectrua  ap¬ 
plied  to  the  basic  etorsge  loop  is  li¬ 
mited  to  a  band  of  lA  cpe.  or  In  tho 
casa  at  hand,  1000  epa.  Tlae-multlplex- 
Ing  of  ooa  basic  atorage  loop  Is  sm- 
ployed  to  Inorease  the  frequenny  cover¬ 
age  to  10  ke.  Bowever,  In  the  dlacus- 
tioo  wtilcb  follows,  only  tha  baelo 


ahannal  oharmotarlatloa  trill  bo  raferrad 
to. 

i.  Tha  partleular  band  sT  fp*- 
quenelea  covered  by  tho  SIHOBAIIIC 
lyser  t^y  be  positioned  at  any  daalred 
fraquaney. 

3.  Tha  signal  la  appUad  to  tba 
analyter  for  a  proceaalng  parlad,  f,  of 
200  allllsaoonda, 

b.  The  output  le  obaerwed  dur¬ 
ing  the  laet  millieeeond  of  slgaal  ap- 
plleatlon.  During  the  output  obaerea- 
tlon  period,  a  panorasJ.e  display  of  tha 
analysis  of  1000  eps  of  signal  spaetrM 
It  obtained. 

5.  The  output  observation  period 
is  followed  by  a  clearing  period  of  ap¬ 
proximately  2  milllanoonda  lanadlataly 
after  which  tha  cycle  la  rapeatad. 

6.  During  the  cbaervatlen  period, 
the  panoramic  display  reeultlng  from 
three  simultaneous  sinusoidal  Infsit  sig¬ 
nals  may  appear  as  In  Fig.  5.  Bach  one 

of  the  pulse-llke  wavaforBS  la  called  a 
response  function;  It  la  In  fact,  the 
selectivity  characteristic  of  tba  in¬ 
strument. 

7.  The  peak  In  th*  reaponaa 
function,  as  observed  during  the  1000- 
mlcroseeond  oboervatloo  period,  oceuira 
St  an  Instant  which  la  linearly  rwlatad 
to  the  frequency  of  tho  Input  algnal. 

8.  The  anplltudo  of  tbe  re¬ 
sponse  peak  la  directly  proportional 

to  the  aaplltuda  of  the  appllod  algnal. 

9.  Tho  uncertainty  In  Identify¬ 
ing  tha  frequency  of  •  sinusoidal  Input 
component  Is  Inversely  proport loaal  to 
the  period  of  signal  procecalng,  F.  Aa 
used  hero,  uncertainty  approxlantely 
equals  1/200  ■lllleeconda  or  about  3  epa. 

10.  The  ehspe  of  the  haale  selec¬ 
tivity  characterlitlo  Ireaponae  Tmctlon) 
la  Illustrated  In  tha  oaclllogrr  it 
Pig.  6a.  It  la  of  the  fom  aU  x^.  Ono 

of  the  unique  featurca  of  tho  SJMPIlAltlC 
Analyzer  Is  the  ease  with  whlcb  tbe 
selectivity  eharacterlatle  can  be  altered 
to  suit  a  particular  application.  Tha 
shape  of  ths  output,  lUuatratod  In  tha 


riaM,  ma  obtalnad  by  appljlnc  to 
tka  doTloa  a  oonatant  aaplltude  alna 
«■«§.  ir  howavar,  tha  tiiput  alcnal  la 
waSfkta^  by  aaplltuda  aodulatlon  dur> 
las  tba  proaaaaliis  tl*a,  a  draatlo 
ckaga  oceura  In  tha  ahapa  or  tha  ra- 
^ooaa  funotlon.  Ihia  altuatlon  la 
boat  llluatrata4  by  tho  oaollloeraa 
or  rig.  6b  ahleh  aboaa  tha  Inatruaant'a 
osSpot  In  raaponaa  to  a  eoalna  walghtad 
Bolaa>rraa  alnuaold.  It  ahould  ba 
ootad  that  tha  lobaa  In  tha  raaponaa 
pattern  ara  alialnatad  at  tha  eoat  or 
a  alight  broadening  of  tha  raaponaa 
peiu.  Tha  analyala  of  the  operation 
oT  the  devlea  with  ajnplituda>walghted 
Is^zrta  parailela  the  theory  or  aapll- 
tade •weighted  linear  antenna  arraya. 
ta  altamata  point  of  view  la  provided 
by  attributing  to  the  flltera  aynthe* 
ailed  by  tha  dalay  llna  loop  an  'affoo- 
tlm*  Inpulalve  reaponae  which  can  ba 
varied  by  tlne>walghtlng. 


to  tha  earrlar.  BcMcanaous  flltara  ara 
oharaetarisad  by  lapulalva  raapeoaaa  having 
Idantloal  a(t)  a«d  t(t). 

Lat  tfaa  algnal  appllad  to  tha  ni¬ 
ter  ba  ajfjraaaad  in  tha  roni 


Mbara  At  •  deviation  of  algnal  fraquaney 
fron  tha  oantar  fra^uaney  of 
tha  filter 

A  >  algnal  phaaa  angla 


Tha.i  tha  raaponaa  of  tha  flltar  at  tin#  t  < 
f  la  glvan  by 


yhuu,(p-t,^f)4t 


The  Svntheala  of  an  Xrhltrary  Bank 
or^lllera - * - 

Tha  SIMORAHIC  Analyeer  can  ayn- 
tbealae  tha  selectivity  characterlstlea 
of  an  arbltt'Sk-y  bank  of  flltera  aa 
ahcwn  in  Pig.  3<  The  eanpllng  rate 
at  the  Input  of  the  equivalent  filter 
teudc  la  very  high  coapared  to  tha  noaUL- 
oU  tissa  constant  of  tha  Individual 
flltera  and  under  this  condition  the 
presence  of  the  eaopllng  switch  nay  be 
errlected  In  the  analyala  whoae  outline 
reiiova. 

Tbs  Inpulalve  reaponse  of  an 
arbitrary  conventional  banOpaae  flltar 
can  ba  expressed  In  the  fom 


»i(0  ^ 


c(t)>  envelope  of  Inpulalve  ra> 
^  fponae 

^(t]:^  phase  nodulatlon  function 

fj,  a  filter's  center  frequency 
and  carrier  frequency  of 
Inpulalve  response 


Per  narrow'band  filters,  c(t)  and 
ara  slowly  varying  functions  oonpared 


Tha  aslaetlvlty  charactcrlatlo  of  tha  fil> 
tor  la  daflned  hare  aa  the  envelope  of 
*out  Af)  aa  a  function  of  A  t. 

4 

It  eao  ba  shown  that  for  d  f  <  f 
tha  filter  aelaetivlty  eharacterlatle  la  • 
given  by 

HfdB  »  mc(0  'twjkil 

*  j/ic(t)cn[iv4t  -  ♦<t)J  itj 

for  4  r  <5  f 


In  order  to  naka  tha  selectivity 
eharaoterlatlo  of  a  delay-line  eynthealced 
filter  Identical  to  that  of  a  desired  arbl- 
trery  conventional  filter  the  baalo 
SKkllUhlC  Analyser  nust  be  nodlfled  as 
shown  In  Pig.  7.  At  the  output  of  the  da¬ 
lay  line  syntbealccd  filter  bank  frequency 
la  napped  Into  tlj>e.  Thus  the  selootlvlty 
eharacterlatle  of  tha  device  la  obtained 
by  deteralnatlon  of  Ita  tlM  raaponaa  to  a 
single  alnuaold. 

Apply  tho  algnal  of  Eq.  2  to  tha 
SJnORAHIC  Analyser  of  Fig.  7.  The  output 
of  tha  ayateai  oay  ba  found  by  snploylng 


•  • 


•  • 
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th«  •pproceh  of  fl«r*r*ne«  I  ond  appro>- 
iBStlns  Ui«  auBaatlofia  by  Into^rola.  It 
la  ahown  on  pac#  lOt  of  nafarvnoa  t  that 
tba  aalaetlvity  ebanetarlatle  of  tha 
■odiflod  SINORAMIC  toaljrxar  aaqr  ^  «a- 
praaaed  la  Um  fom 


•» 

Equation  S  la,  except  for  a  coefrielent. 
Identical  to  Eq.  t  uhleh  cxpreaaad  the 
selectivity  characterlatle  of  a  consen- 
tlonal  filter  In  tenea  of  Ita  lapulalva 
reeponae. 

Tha  Input  algnal  to  the  baslo 
SIMORAMIC  Analyser  la  anp 11 tude -weigh ted 
In  accordance  with  the  alrror  lakage  of 
c(t)  and  phaee-fflodulated  In  accordance 
with  the  alrror  Ijaage  of  4  (t)>  ^ 

neans  of  thta  technique.  It  la  possible 
to  synthesize  the  frequency  selectivity 
characteristics  of  an  arbitrary  bank  of 
filters.  The  synthesis  procedure  leads 
to  excellent  results  If  the  functions 
c(t)  and  4(*)  **'7  I5.ttl«  during  T. 
the  storage  loop  delay  tloe.  If  c(t] 
la  made  unity  and  4'^)  equals  taro, 
the  modified  ayatea  routes  to  tha 
basic  SIWORAMIC  Analyzer  which  eynthe* 
sizes  a  bank  of  Ideal  coherent  Integra¬ 
tors,  It  Is  Important  to  nota  that  the 
device  does  not  synthesize  the  desired 
bank  of  filters  as  all  times.  Only 
during  the  brief  observation  Interval 
at  the  end  of  each  integration  period 
P  (see  Pig.  A)  Is  ths  SIKORAHC  Analyzer 
output  equivalent  to  tha  output  of  a 
Convent lonnl  filter  bank.  However,  In 
using  a  bank  of  filters  for  the  purpose 
of  Fourier  snalysls  and  signal  detection 
this  Is  the  only  output  required. 

Because  the  loop  delay  T  Is  much 
Smaller  than  the  algnal  processing  time 
P  (typically  I  a  1  P),  the  selectivity 

IOC 

characteristics  of  all  filters  synthe¬ 
sized  by  the  time-varying  delay  line 
systen  are  of  identical  shape.  Further, 
the  gains  of  all  filters  are  the  same 
since  tha  filters  sre  synthesized  by 
the  same  network  elements  within  tha 
closed  loop. 


be  realised  with  the  SINOlUMIC  AMlywer. 
The  column  lebeled  *60  db  point  for  Tm 
1  eeo*  Indleate,*  the  displaeewsnt  fTM 
center  frequenoy  et  which  the  aelee- 
tlvlty  oheraoterletle  of  h  nomlml  1-epm 
wide  niter  la  down  6o  db.  With  ree- 
tangular  wel^tlns  ths  daisy  line  ays  tarn 
lynthssiaai  a  bank  of  Idaal  coherent  lj>- 
tegratore  and  attains  thaoretloally  ep- 
tlsnaa  slgnal-to-nolsa  anhaiwesant  of 
sinusoidal  algnale.  Its  reaolutloa 
bandwidth  la  also  optlonaa  undar  these 
conditions.  However,  tha  selectivity 
eharaoterlatlc  of  tha  coherent  Integra¬ 
tor  has  e  lobs  atrueture  wlileh  la  twi- 
dealrable  If  small  algnala  must  be  de¬ 
tected  In  tha  preaenea  of  larga  onaa. 

The  right-hand  column  In  Fig.  8  Indi¬ 
cates  the  magnitude  of  tha  largest 
lobca  of  the  various  asleetlvity  char- 
aeterlstlca.  It  la  evident  that  a 
selectivity  characteristic  with  rapid 
attenuation  off  center  frequency  can 
be  attained  only  at  ths  expense  of  acme 
loss  In  algnal  enhanoeoent  and  reaola* 
tlon. 


Applications 

Figure  9  shows  an  interesting 
application  of  a  SIKORAnC  Analyzer. 

In  this  figure  are  shown  tha  typical 
responses  of  an  analyzer  which  was  com¬ 
pleted  recently  to  each  of  two  osten¬ 
sibly  identical  40-me  osclllatoi*e. 

Each  frame  shows  the  signal  spectrum 
on  a  frequency  scale  of  85  epa  per  box. 
The  separate  frames  within  each  group 
were  taken  a  short  lima  Interval  apart. 
The  oscillator  spectrum  shown  on  the 
left  exhibits  a  broader  central  rasponmm 
than  the  one  on  the  right.  The  re- 
sponsbs  shown  on  the  right  are  richer 
In  low-frequency  sldehend  components. 
After  some  practice,  it  Is  possible  to 
Identify  the  oscillators  slnply  by  ax- 
aralnation  of  cuccesslve  outputs  of  the 
analyzer.  Thus,  the  SIKORAmC  analyzer 
can  be  uacd  to  Identify  signal  aoureea 
by  analyzing  and  presrntlng  their  ohw- 
aoteriatica  or  ’algnaturea.* 

Tha  ayatea  used  in  tha  abova- 
ai-ntioned  experiment  la  capable  of 
analyzing  a  10-ko  wide  speotnaa  with 
6-cps  resolution.  Such  a  ayatea  In¬ 
corporates  about  300  tuboa. 


«i93 


Figure  8  shows  a  few  oallant 
niter  bank  charaelerlstlca  which  can 


CfXhW  mt«i  pMWMtCn  WM 
posilbla.  Vor  csai^lc.  a  ayataa  has 
h««n  datisnad  isilch  analyaaa  a  apaatna 
ranclng  fraa  «a  ta  200  apa  w&th  1-opa 
raaolutlon.  Xa  •anaral.  tha  llnaar 
prooaaalni  raaga  of  tiia  SIKOXAMIC  Ana- 
lyrara  la  bataaan  Ho  db  and  60  db,  and 
tha  llnaarity  of  tba  fra^uaney  dlaplay 
axla  (rra<|uaneytlas  oonvarslon)  is  ap- 
prozlMtaly  1  part  in  100.000.  lha  ab> 
aoluta  froQuanay  aoauraey  typleally  is 
lA  to  lAO  of  tha  noMlnal  fraqtMnay 
rjaelutioa. 

Tha  sxiesunc  MMlyaar  ia  uaa> 
ful  in  tba  analyaia  of  vibration,  of 
sound,  in  tha  datomlnation  of  Dopplar 
fraquaneiaa  and,  lit  eor.oral,  whoravar 
thora  la  naad  for  rapoatad  llnaar  in* 
tacratlon  and  fina  raaolution  apackrva 
analyaia. 
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CENTER  FREQUENCY 


bank  of  contiguous 

NARROW  BANDPASS  FILTERS 


8EQUENTIAI. 
SWITCHING 
WITH  PERIOO  T 


OUTPUT 


no.  i  8B%a»nAUT  kxcited  ua  8Mimz>  bak  of  nums 


OBBUtgamcH  used  tot  lomamnB  luciMa  iBsm  MuoRSHana 
Mr*  Wtlllia  J<  CnilekjaMjik,  BftUla^ls  Mnaurcaasta  l»>iWitat7, 
BalUsUe  Banarcla  tAbcntorl**,  AbarOm  rrovlaf  (knai,  MuirlM* 


tta  tMteliaa  >Tlny«*  by  tta  BaUliOc 
IlaMrch  Laboratorlaa  far  thr  ataaimaant  at 
looaapbrrle  electro  4ca«lttas  tJurov«h  stk4)r  of 
dlffbrootlal  proyo^tlas  •ffccta  on  two  ptaoM 
famat  froyuar  -taa  breadeaob  froa  hlcb  oltltidas 
1»  41acuaae4.  «  brtaf  ieacrlytlsa  of  tba  itabla 
•tiboroo  txai  '  .<:lten  ad  at  tbo  rocket  vehicle 
deelcBOtcd  *8i  -enfor^  lAleh  uea  uwd  la  so  lol- 
tlal  cjcperlaa  to  cany  tkc  alrborae  traaolt* 
ten  to  an  altitude  of  1,000  allea  le  preMhted. 
Tbc  very  aarrot  land  reeoteara  and  rccor&lad 
c^iaent  aeedch  to  yeovlda  data  reception  aol 
Infocaatloo  •epaiatleo  an  dlaeuaaed.  A  itanaiy 
la  (Iven  of  the  leaulta  of  the  two  ‘Stroneara* 
rocketa  tfaat  hav><  b~ce  fired,  and  the  acbedula  of 
futun  aaperlaeaiii  la  ewtUned. 

mKoocnai 

Slncat  19^6  tta  Balllatle  Reaearcb  Labora* 
tnrlca  tove  been  liiatnacntlac  upper  ataaaphen 
reaearcb  rocketa  and  (ulded  alisllca  with  a 
MfjMir  preclia  radio  doppler  tracklnd  ayatea 
knovB  aa  DOVApIlf^).  Beglnnlnc  with  the  flrat 
of  the  Soviet  Sputnlka,  tbCM  laboratorlaa  Lava 
alao  been  tracklos  Ida  ajonty  of  ai-tlflclal 
earth  aatelUtcs  and  apace  probea  throush  the  uaa 
of  radio  dopplar  aeaeureaenta.  One  aourca  of 
error  In  obtaining  pualtloa  data  fron  there  aya- 
teaa  la  the  rafraetlos  of  radio  wavea  aa  they  an 
transaltted  tbroudh  the  toooaphen.  Thla  error 
la  related  to  the  coulvaleat  eleetroo  deoaity  and 
electron  content  of  the  loooaphera.  Since  very 
little  la  known  abcait  the  aleetron  denalty  pro* 
file  above  the  t2  refloc,  a  Joint  effort  by  tba 
Balllatle  Reaeorch  laboratorlea  and  the  fnlvar* 
ci^  of  Michigan  waa  odertaken  to  aaka  itaaaure- 
acota  of  thla  profile,  fbe  technique  uaed  for 
obtalnlL^  thla  profile  cayloycd  aeaaurraeota  of 
the  dlffereatlal  propacatloo  effecta  on  two  har> 
auclcally  related  radio  alEOala  aa  they  an  trana* 
Bitted  throngh  the  LceoapiKTe.  The  two  tlgmLl 
freijuenclei  uicd  wen  >7  ac/a  uad  Ibh  ac/a  with 
the  latter  uaed  aa  a  rcfereoce  since  It  li  tela* 
tlrcly  unaffected  by  tha  Inooapten.  A  eounillnc 
rocket  launched  In  a  near  vertical  trajectory 
woe  used  to  cany  tha  radio  frcipcocy  tranaolt- 
terr  aloft,  and  the  eeaaurlnd  '  tatnaeotatlon  wee 
located  oo  the  ground  balow  tha  rocket. 

Heaauresente  of  now  cciu  teaperatun  and 
vehicle  par.'onance  wen  alao  ohjectlvea  of  tha 
uperiaent. 

The  experlaeat  wea  etaidueted  at  the  national 
Aerooautlca  and  Space  AhUnlatntloa' a  facility 
on  Wallops  laland,  Vlrgtala,  and  secondary  grovod 
receiving  equlpKnts  wen  located  at  the  Balllatle 
Reaeairch  Labentonea*  tracking  atotlos  on  Speau- 
tla  laland  at  t/e  Aberdeen  P'X’vlng  Crowd. 


Bocks t  Vahlcla 

Tba  roehat  vahlcle,  dealgaated  “atrnagara*, 
aaad  for  tha  axperlaant,  waa  a  flva  ataga  roa- 
blnatloe  of  aoUd  propellant  roetota  and  rocket 
boeatara.  Thla  tCBflguntloii,  which  la 
fact  long  and  walgha  7120  ynvada,  ta  iwi^oiiad  of 
tha  following:  on  ’Booaat  John*  ftrot  ataga, 
two  *>lka-AjaB*  booatera  for  tba  aoeoed  and  third 
stagea,  a  *Tardhlrd*  for  tha  fourth  ataga,  and 
a  acalad  *8argeat*  for  tha  fifth  stage.  Tha 
above  ccahloatloo  with  a  20  pound  payload  wa 
expected  to  attain  n  peak  velocity  nf  apprea:!- 
■ately  17,000  feet  per  aecood,  a  tainout  altitude 
of  200,000  faet,  sad  a  peak  altitude  In  czeeas  of 
1,000  alien.  A  photograph  of  the  rochet  coahtna- 
tlOD  on  the  lawebar  ta  tbms  in  Figure  1. 
Oevelopaeot  of  the  rocket  eoablnatlcc  was  accoa* 
pllafaed  by  the  Onlvcralty  of  Michigan  laader  con¬ 
tract  to  the  Balilatlc  Research  Laboratorlaa, 
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figure  1.  Strongara  Rocket  Vehicle 
Airborne  InatTwantatloo 

The  payload  pnekags  that  uaa  uaed  for  tlwi 
first  'Ctroegara*  flight  consisted  of  two  trana- 
atttera  and  their  aaeoclatod  anteiuiaa,  a  tela- 
aetry  aid>-cu:rlar  oscillator,  teaperaUne  sensor, 
and  an  ablative  Docccone  bousing.  A  pictorial 
akoteh  of  thla  configuration  ta  thown  in  flgura  2. 
Thla  cqulpaent  was  alto  developed  by  tha  Uhlver*. 
ally  of  Michigan  for  tha  Bal].lttle  Raacareh 
Lahoratorloa  ( J). 


.  •.  ^ 


ri4<n  2.  Alrbom  lulrUHBVklloa 

TtM  bMirt  of  tbt  Blrtoroc  iutrtaialatloa 
MM  u  tktnaljr  at«bl«  crjatAl  cootroUcd  tcM- 
•  Utor  otclLUtor  um4  to  drive  both  treoatllta'*. 
ODClUotar  •Ubllttjr  Vu  adlotaliaed  b/  prcclw 
rveulAtloo  of  Um  oiclLXotor  tmperatur*  to  vtUkte 
;  0-1  u.  Thia  teaperoturo  rocolaUoa  vaa  moobm- 
pilatKd  bj  ualo4  tbc  beat  of  ftaloo  atUnd,  Tba 
varlaoca  la  tbe  oaclUator  ovtpia  rnequaocjr  vaa 
beU  to  laaa  ibaa  oaa  part  ta  ICr  tbrowthout  tba 
flight.  Tba  trasvalttera  ware:  aa«Ll  trakoalator- 
lud  udlta  bavlsd  power  outputa  of  100  aiLUlwatto 
aad  20  aOUlvatta  at  }7  ae/a  aad  Ibb  ac/a  rcapcc* 
tlvoijr.  Tl^ure  )  abovi  tba  two  traaaalttari 
acvotrd  oa>  tbelr  baao  plata  and  the  oaclUator  la 
Ita  aliBlataa  caa4« 


n4<ira  Alrboroa  OaclUator  «Ad  Tnoaalttara 


?tB  aabaoBU  far  tbaaa  traairtabera  aara  taa 

trapaaoldaX  Leopo  loeatad  la  utiaUy  parpaaillna 
lar  plaaaa  ao  ttet  tba  radlatloa  pattara  at  am 
loot  aotasoa  vaa  aaaasttaUjr  taaffbatai  bgr  tba 
othar.  na  aatoBaa  eanrtgmatlom,  aklck  aM 
baaad  oa  a  alaatla  loop  aataasa  tinlpaa*  at  tba 
BaUlatla  taaaarch  laboraterlaa,  la  aaoaa  la 
Pljura  t.  Bach  aataaea  had  aa  aaaldtrailliiral 
pattan  la  tha  plaaa  at  iha  loot  aad  a  flgm 
ellbt  pattara  la  tha  plaia  parpaadlralar  to  tha 
loop.  Tbt  omcloxK?  of  tha  3T  ae/a  aatooaa  aaa 
16  db  bolow  ao  laotevplo  ladlator,  tod  that  at 
tbt  itO  Bo/a  oBtoaaa  vaa  1  dh  balsv  laotiotle. 


Tldvra  V.  Alrtorsa  lalaaaaa 


Tba  Bblativa  aOMcooa,  uaad  ta  bauaa  tba  air* 
bona  loatriaaiitatlon,  ocaalated  of  a  flbarslaM 
abell  vttb  as  outar  tafloa  coallai.  Tbla  ooo- 
ttroctloo  paralttad  radlatlba  froa  tba  lataraal 
aotenaai.  Bad  kept  tba  cqulfaiaDt  froa  mrtiaatlac. 
A  taaparatura  Baaoureatat  at  tba  latarfaca  of  tba 
flbarolaat  aad  tefloa  vaa  dealradi  tbarafora,  a 
tberalaVor  tmp<iratura  acoaor  aad  talaaatrf  avb* 
carrlar  oaclUator  vara  uacd  ta  aa-ba  tbla  aauura* 
aaot.  laput  for  tba  aiib*caiTlcr  oaclUator  vat 
prorldad  bp  tba  aaaaor  placod  at  tba  flbarslata* 
tafloo  latarfaca.  Tbe  ndacd  ootput  of  tbla 
orclUator  ktjad  tba  lt3  me/a  Iraaaalttar  at  a 
rata  that  varlad  batveaa  2  a^  £0  ppa. 

Oroupd  laatiiaaatotloa 

Tba  prltarp  (roved  racaptlaa  aed  r«cordlt« 
aqutjaaDt  wea  located  at  Vallopa  laland  la  a 
aobllt  (TOusd  atatlOD.  Thla  atatlae  waa  coapoMd 
of  a  larga  eo^plax  of  preclaton  aqulpaeot  la  aa 
8  I  2b  foot  aeml-trallar,  aad  aa  arrajr  of  ala 
aatanaaa  la  na  adjacent  field.  A  plotorlal  lap* 
out  of  tba  aqulpaaat  la  tbla  UaUar  caa  bi  ataa 
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la  Ftgva  V  ta  aartltaty  srawt  ataUaa  • 
loaataA  LiO  aUa#  mmf  at  ^autta  *-Ti 
•tatlaa  frtMaUjr  kovata  tba  labcaaterlaa* 
Uta  tiaekl^  faatUtr* 


Jtrara  9.  Cn'-si  rv'  1 1  r-v7»i; 

aa*  I't'A;. .  ol 


ftyataa  KqJaMttea.  A  ali^Unad  black  Ata> 
■taa  at  tha  grauod  laaTiTiutatlaa  la  ahawa  la 
^"aa  6.  Sack  raOla  fnqtaoejr  (rf)  al^pail 
tiaMalttad  fra  tha  aoTl^  rochtt  la  raeatvak 
bj  a  pair  of  baltral  aatannaa  barlac  elrealv 
palarllgr  of  oppoalta  aaaaa.  Thla  aataaaa  aea> 
rifuraUoD  allowa  fraqaasejr  anara  eauaak  kp 
lacbat  apla  aat  Ibradar  arraat  to  aOA  to  tha 
blaaed  dopplar  frakuanep  la  eaa  at  tba  Aaal  ekaa- 
aala,  aal  to  aoktraet  fma  It  la  tba  othar  kaaX 
cbannal.  Af  tar  tba  two  hanMolaally  ra«ata4  alf- 
aala  ara  raoolvad  aail  flltaraA,  tbajr  aia  appUak 
to  AlffaroDtlal  alaara.  Tba  output  of  tbaaa 
alaara  coatalna  tvlea  tha  apla  fratuaaey  bad 
IWaAar  affaot.  Tbla  arror  output  froa  tba  twa 
haraaalcallir  ralatak  algoala  la  apala  alaak  ta 
dvo  tba  rarabbjr  Alftaraatlal  fraquaso/.  fitla 
frcQUBocp  la  uacd  to  ca^uto  tba  total  olactroa 
eoetaot  of  tba  ataioapbara  batwaoo  tba  rockat 
bona  traoaalttloa  aad  ^rotaid  raealrlnf  aataaaaa. 
Tba  al^nala  fraa  tba  trarklap  flltara  ara  alaa 
applltd  to  addar  satwoita  la  a  alailar 
ttoD  to  that  aborai  tbarabp,  aUaloatlak  apla  auk 
Farada/  rotatloo  arror  at  each  of  tba  two  rf  fn> 
futoclaa.  Tba  97  ac/a  iddar  output,  wbleb  la  a 
7  bc/a  blaa  plua  twlea  tba  dopplar  fraqtnc;,  ta 
■ultlpUad  by  two.  Tba  lt8  ae/a  addar  output, 
which  ta  a  ?6  ke/a  blaa  plua  twlea  tba  dopplar 
frcqucocjr,  la  dlrldad  by  two.  Aftor  tbla  aultt- 
fdicatten  and  dlrlaloo  la  perforaad,  tbo  loaol- 
taot  froquaoclaa  aro  eoapared  la  a  dlffamatlAl 
atxar.  Tba  output  of  tbla  dlffamtlal  alxar  la 
tba  dopplar  dlffamco  or  dlaparalra  dopplar  that 
la  ua«d  to  woapuU  alaetroo  daaaltp. 
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OM— «  Ika  fktn  aC  b»Hn»V  utacB** 

■mA  m  tt*  yv****  te**  twIiaVH  fMtimi  »yak 
•a  dfcvW  vaLirliali«B  aat  raXatlvalj  bUk 
■■11^*).  Aa  BbaractarlatlM  ef  Um  M  w/a 
vita  an  aa  faUawai  2.)  t<na,  A.J  faat  la  dla- 
■atar,  iH,}  fwt  la  laafth,  Tofi  baaaarldtb,  and  a 
•ala  a(  6  Ab  oaar  m  laetngAa  radiator  far 
llaaarlj  polaniad  tlgaala.  Aa  lV6  me/»  aataa* 
aaa  ban  6  toma,  a  diavtar  af  two  faat,  a 
laa(th  or  12  faa^  a  baavldta  of  aad  a  gala 
af  U  db  ovr  u  laatrosda  radiator.  A  tha 
aaiparlamt  bara  bat^  dlacaaaad,  aaeh  pair  of 
aatmaa  waa  placad  foar  malaoftba  apart  at  Ita 
partlaalar  rragunicy.  Botb  palra  of  aotaaaaa 
vara  plaoad  la  a  alocla  Uaa  peiptndlcular  to  tha 
rocbat  flrlns  aiUaith.  Ala  plaoaaant  canoallad 
paraUaa  affacta  that  aoalA  ba  ancouBtarod  la 
fragtaoep  raaaptloa. 

In  addltlv  to  tta  fov  aala  halleal  aatao* 
aaa  tbara  aaa  a  balleal  aatasaa  for  racaptlv  at 
ibO  mc/t  aod  a  taalf>aaw  dlpola  aDtanaa  for  i«> 
ccptlea  at  v/a.  Aa  particular  fuotlv  of 
tbaaa  too  addltlimal  aataaaaa  vlU  ba  aaplalnad 
la  a  latar  aaatloa. 

bactlaara  anl  PraWta*>llflara.  Aa  (rovd 
Tacatrari,  uacd  for  tba  laltlal'axparlaact,  win 
daalgotd  and  built  at  tha  BalUaUc  Raaaarck 
Laboratorlaa  for  uaa  apacLflcalljr  for  dlaptraln 
dopplar  araiuraaoBta.  Bafarrlog  to  tha  axlatios 
fnrjai  atatloo,  ibera  an  four  trlpla  coavartloa 
aqparbatrodToa  reealnrai  aJl  dKvcn  b/  caves 
local  oaelUatora  tLroadh  approprlata  aultlpLlara 
and  laolatloo  MCworta.  L  block  dlagraa  of  tba 
raeatnra  la  abota  la  ngira  7-  ^la  trlpla  ooo* 
varaloB  luperbstrod/aa  apatas  la  uaad  for 
loeraaaad  atablUtjr,  high  gala,  and  battar  alpial 
ba  Dolaa  ratio  at  tta  output.  At  flrat  two 


local  oaoUlatora  an  erpatal  oootrsUad  aad  baao 
a  atabiUtgr  of  om  part  la  10*  aftar  JO  il—taa 
wan  igi  tlsa.  Aa  third  local  oadllator  la  a 
a«gb'ij  itabla  rarlabla  nslt  ocod  to  praelaaljr  aat 
tta  blaa  fnguaney.  Ala  rarlahla  oadllator  la 
aaoaaaarp  baeava  tta  usrloaa  adsm  aad  aMara 
uaal  for  data  bandling  dapant  a  blaa  of  9.3 
ke/a  t  4  far  law  fnguaDcf  dogplar  aod  Ik 
ke/a  *  H  for  tta  ktdb  fragioorr  iopplat.  Aa 
atakllltp  of  tta  local  oaelllatoro  la  aaaaadlal 
for  b^rl-g  tta  kiaa  fraguaaeiaa  vlthiB  tnlarv c^ 
bowanr,  tha  data  ootputa  (Plgaia  6)  an  aad 
dapataaot  upon  local  oadllator  or  rf  fnguaudf 
ctabUltp  alDca  tag  tuck  ablfta  an  oanoaUad  od> 
Aa  baadwldtka  of  tta  raoaltura  an  9  ka/a  and  20 
kc/a  for  77  M/a  aad  IbA  au/'c,  raapartlnlp. 

A  tta  field  aiparlaast,  piu  ayUflara  wara 
naad  at  aack  aatasaa.  Ala  ccabinatloB  of  pra- 
aupllflara  aad  raoalaarc  neultad  la  as  opjatKl. 
■ata  a/atas  laput  aaaaltlul^  of  0.1  sloraaolta 
for  a  nealvar  output  to  aalao  futto  of 

ualtp. 

Trmcklag  fUtcra.  Audio  alaotroala  tnaklao 
flltara  (6)  mn  una^  oa  tba  output  of  oaab 
rucolnr  cbaaaal  to  obtata  graatar  lapronaaat  la 
tta  aigaol  to  aolao  ratio.  Act#  darloat  an  nrp 
aarrou  baadpaaa  flltara  la  ublek  tta  ou^ut  fro* 
queacp  foUoua  or  tracka  tta  laput  fragutoep. 

Ala  la  aceoapUakad  autowtlealljr  kp  tha  uaa  of 
a  high  ^ila  pbaaa  loekid  acrao-cootroUad  loop. 
Large  aigaal  to  aolaa  lavronacot  la  tta  output, 
aa  ccagand  to  tta  laput,  la  obtalrad.  Aa  baod- 
utdtb  uaad  la  dapaadaat  ugoo  tba  dpruadc  rtanga 
of  tta  laput  frrguaaep.  taodwldtha  of  90  apa  aad 
SJ  epa  ware  urrd  <m  tba  btgh  aad  low  fraquaaex 
cbaaaala  napaet^Talp  during  tba  buralag  pbuaaa 
of  tta  Stragaru  rochet)  9  tpa  aad  2.7  epa  van 
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•M«  tbrrMftar.  Ite  mtw  ii—tl*!  tneklst  oT 
atfDKla  t*  «pv>«adaata]r  JO  m  telow  Ua  raealvor 
OQtpv*  aolM,  tter*tar>  *■  a^C’^U  i^aUa 

MultlTlV  aC  3  — >wi»1f  (3  X  UT^  v«lta). 

Aaotbar  «r  ttt  fUtar*  !•  a  eeastaot 

■yl  ttirta  outpot  vhlik  la  aaaaaaMy  for  tk*  ad^ 
Ian  and  diffaiaaUal  data  aataeaka. 

Data  BaraamtlBa  aad  ktanadlai.  Ika  data  elr- 
aalta  la  tba  InatartataMna  »y»t»a  ara  iifatnaal 
at  addan,  dl/taraaatat  aataarta,  ataara,  aoltl* 
lUara,  and  dlirldara.  tka  aw^uta  of  tka  aboaa 
atrsolta,  wklek  ata  tka  data  at  Istaraat,  ai<at 
Sjljg  aod  fandar  aotatU*  at  37  ac/**  “od 
Ikradair  n^atloa  at  IM  m/a,  Jwaday  Dirfaiaiaia 
a;id  Doppiar  Plffarwacw.  Ikaaa  data  ara  racordad 
do  aa  o  fhaimal  ckart  naordar  aload  wltk  tka 
Autoaatte  Oala  Coatral  (MC)  aotpvt  froa  aack 
ttaoklDC  ftltar.  tta  tiacklai  fUtar  AOC  output 
ladleataa  tka  racalvad  atgial  laaal,  a«aa  tkoodk 
oparmtlod  balow  raemlamr  mataa  laral.  It  alao 
firaa  dcflalta  ladiratlaa  at  noB-lock  at  tka 
tracklaa  fUtara*  Ikla  la  maaaoarr  alooa  ooa 
soo>lockrd  traotliw  fUtar  caeaaa  tkraa  cot  of  tka 
four  ckart  racordad  data  akaoaaLa  to  ka  uatlaaa. 
Ncfaette  tapa  rocordlkd  la  ncad  for  kackup.  la 
tka  azparlacnt  teccrtbad,  racerdloda  uara  aada  at 
tkc  rcealvor  outputc,  tncldad  flltar  outputa, 

•od  tka  tvo  kUcad  dollar  froqacoclaa  frm  tte 
adder  elreulta.  A  aaaktr  fTaqueoep  elaodaid  and 
ti  at  m  geDarmtor,  aTaekraaliad  to  tka  BkS  atatloa 
WV,  vac  ucad  aa  tka  aovOa  far  all  rrefucaep, 
period,  aod  tladkd  Maasaacata.  Local  ctaadard 
tlaa  la  taoura,  alaatcc  aad  ceeoodc  wac  (woardad 
OB  all  raearda* 


Tvlaotrr  cad  klaoaUaoeoua  lactruatatatloe, 
Tha  Valcacu,'  data  froa  tkc  'httaaffunt  racket  ' 
vara  roeclvad  aad  ruoardcl  at  the  Vallopc  Xalaad 
cod  Spacutla  lalaad  ctatlcoc.  eiaca  tkace  data 
vare  cocoded  la  a  pulaa  caputeda  aodolatad  aid- 
pal,  a  eosrcoUoaal  AM  rcoclnr  vac  ucad  for 
rccovarlog  tka  data.  A  iM  ma/a  helical  aataiuia 
and  pre-capUflar,  IdasUcal  to  tkoca  prrrloaal/ 
dccci  iked,  vara  uced  vltk  tka  AM  receiver. 

Ipcraaeed  clgoal  to  aolaa  ratio  at  tka  rcoalvar 
output  vae  ackleTod  kj  lactrlctlad  tkc  output 
kandvldth  vltk  a  low  paa#  fUtar. 

la  order  to  rcoaln  oaf  pocalkle  acklgultp 
Is  dateralnatloo  at  ja^aX  apla  ratac,  ft  waa 
Ikoupkt  decUmkla  to  detaralae  rocket  apla  ratae 
lidependeotljr  of  tka  apetea  preTloualjr  deccrlbad. 
Tka  rocket  cateooaa  radiate  llovarljr  polarlxad 
cltfoalc  toward  the  graiad  etatlooa  aad  a  dlpola 
OD  the  groued  reealvas  Uaaarljr  polarlead  cLcaala. 
Toe  received  rf  aqJlL^  vmrlatlooc  reeultlap 
fr«  UUc  polartcatloa  afTact  Ic  aa  caeallaat 
ladlcctloa  of  rocket  apla  lata,  Tkererore,  a 
c/atca  vklck  ooncteted  of  a  37  ac/a  dlpola  autcook 
pra-aapllfler  aad  raoalvar  uaa  eat  vp  to  oktAla 
tkeoa  data. 

Each  of  tba  adder  aatworkc  la  tka  data  clr* 
cudtc  contela  output  cl^cl  frequeoelea  vklck  are 
twice  tka  klaiad  doppler  frequeaep.  Tbeea  output 
frequeuclec  ara  divided  kp  two  recultlap  la  a  Xoa 
ekuaoal  klaecd  dopplar  fraqueoep  (3*3  ke/a  *  623 
epa)  aod  a  klpb  rkaiml  klaaad  dopplar  fnquawgr 


(Ik  ke/a  *  2300  epa).  A  "palak  laodT  flat  at  dap* 
plar  fiaqiuafj  vraaa  tl«  oaa  ka  takaa  bp  tst^ 
pratlac  tka  lav  el^iaial  klccil  dopplar  fraqaaa^ 
aad  roeaedtas  tkda  amlag  fraqaasep  output  eu  a 
alou  apaad  tiarX  raeatdar.  Vkaa  tka  klaa  la  ai*~ 
traetad,  a  taaa  plot  at  dapplcr  froquandp  vurcaa 
tlaa  la  praaaatad.  A  prlatad  takulatlf  at  tko 
period  far  tka  klpk  nkiaaal  kiaaad  dopplar  fro- 
quaa(7  vaa  Mda  at  eaa  aoeoad  latarvala  pdar  to 
ad  dvlac  tha  reehat  flifpai. 


Hoekat  Taklala 


Tka  tlrax  *atl  ai^i  d*  reakat  waa  aaaoaaafdUi 
flowa  OB  lO  lo  taakar  1939>  at  0700  t8t.  All 
at«4is  ftBatlanad  noraellp  aad  a  aailaiai  ralocdtp 
at  17,100  fkat/aarond  waa  ra»-hed  at  tha  fifth 
atapa  ktraout  altltvda  at  213,000  feat.  Mak 
altitude  me  la  aaaasa  of  1,0^  allaa.  This  la 
tkc  hldSwct  altitude  cttalaad  to  data  kp  a  firlai 
frow  uallopa  lalaad.  laqact  oecurrad  at  about  27 
alautoa  after  A  Seo  Bluuta  fUCht  aaa 

eatlcipetcd.  This  wee  tka  flrei  flrlap  cf  tkle 
eoalLoatlaa  of  raeketc  aad  rocket  kaociarc.  All 
of  tkc  alrkoaaa  laatrwaotatloc  foBotlaaod  vail 
and  raceptlaa  at  tka  gravd  laeatvlkg  atatloea  uaa 
aieellaat. 

TIm  aeoond  'StraaparoT  rocket  vaa  lanoohad 
OB  l6  kovvder  1939,  but  aa  data  were  aktalaad. 
Tka  lAct  three  ctagec  at  tka  roekat  caablaatlaa 
failed  to  Incite,  aad  tka  peak  altltada  raenkad 
bp  tha  paplaed  waa  oalp  20  aUea  aa  dataralaad  kp 

*akla*  tracktd  radar. 
glaetroe  Ocacltp  PrafUa 

Pleura  0  ahovt  a  porUa  tka  chart  raaead 
froa  'Stroopera  I*,  coatalaliyi  tka  four  lav  fra- 
qutaep  data  outputa  and  ttalap.  Tbcco  data  vara 
uced  to  caaputa  the  electraa  daaaltgr  aad  total 
elcetrcai  eooteat  la  tka  lasaapbcra.  A  profile  of 
tbv  elrctroo  dcacltp  vurouc  alUtoia,  ea^utad 
fra  prcllatcarp  data,  Ic  akews  la  Plpuro  p.  Tkla 
proflla  wtU  bo  axtaodad  ta  l600  ka  (1,000  kUat) 
vkca  ell  of  tka  date  have  koaa  raduead. 
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cuoTiM  Mtam 


VtCvi*  KImUtb  DumI^  varma  AltltMA* 


■atiBoai  TwaaraVga 

Kftolt*  or  «M  ncaaiaai  IntarfBaa  1  Mini  a 

Xmr*  aaaavraatBtt  oaa  b«  aaaa  la  rtfo*  10.  Oaftr* 
XtmmiMl]  aa  opaa  thandatar  elretitt  «m  traaart 
^ar  tka  first  76  aaesoda  at  flight  but  ittar  that 
tka  etiTolt  raaoTtrat  aad  vaUA  data  «u«  raoaltiat. 
A  aarlw  tsivartturt  of  >16^  was  faantaid  at 
akAtft  100  aacooda. 


._wmia 


aTkotk) 


rvltk  hl^  a 

ak  law  alttkatea.  Ba  affM*  at  tkta 
«aa  aat  aetad  at  altkaa  tt 
tlaa  ar  ad  tka  ■gaiiatla  laland  ataUaa. 

1  aC  tka  97  aa/a  as^l  41*  aaaar  (hr 
10  aaaaala  ad  fim  aU«a  kaaiaat,  kat  aa 
la  tka  iM  aa/a  adjaal  oaeom*  far  tka 
:  Krla*  a*  tlaa.  nta  ttawaiioa  aaa  atM^ 

.  to  rt  kaaatdnaa  at  tka  air  althla  tka  aaaa> 
aaaa.  Ika  rt  aiillaaa  at  tka  mtar  ^  at  Urn  39 
ae/a  aatam  tad  $2.9  aolta  aoroaa  Id,  aad Jtria 
aaa  adatata  ta  lalUada  a  glaM  tlankarjilT). 


Ba  BaiUlaUa  Baaaarck  lakeaa«arlaa'*Btaaa». 
aak*  rookat  aaa  aea  ad  tka  flrat  aahlalaa  ta 
aartj  laatmantstlaa  far  waMi^  aaaaataaaata  af 
tka  taaaatkara  ataia  tka  72  raHea,  aad  It  mm 
tka  flrat  ta  aaba  tkaaa  laanirawata  ^  ta  l600 
ttlnaatera.  7utiaa  aoparlaaata,  aklch  alU  aaa 
tka  awaa  laatrmaatatlaa  ara  plaraa*  tudllaa 
at  tka  lfaMir:i4ni  t  at  aaea  au^  oa 

daalrad. 
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flcora  10.  Baaa  Caaa  Tbamratara 


a.  S.  Botl 


irman  nun  Mnna  ca  oomaa  araw  oaiuriOM* 
tea  mit  a.  a.  lcl»rfM>,  Btaater«  a— «rca  UatttaU 


iBtrodMctl— 

to  pmvlBo  I«r«o  lapi iiiioiato  ot  tta  oiaaol* 
to-oolM  ratio  ol  aolay  Dopplor  aipaalOa  oarloua 
Bopplor  tracklac  ayatoaal.*#*  ato  aaplottaa  pkaao- 
leek  to«m«iiM.  tbaaa  taotaBlqaaa  ohtala  ■aatiM 
atgaal-to-nolaa  Of  allorlag  aa  oatraaa  raUtetloa 
ot  baaOotlth.  Iko  aUlMia  aliewablo  baaMdth  la 
BapaaOtat  oa  tka  aarlatm  rocalvoB  rata  •(  chaaco 
ot  Dopplar  fraqaaacy.* 

la  thla  papar  aa  aaaltiia  la  carrloB  oat  to 
Oatarmlaa  tka  altact  of  tba  aataaaa  pkaaa  pattara 
oa  tba  loataataaaooa  froqomcf  abtCt  aad  rata  of 
cbaa^  of  fraqoaacp  shift  of  a  racal«a4  Oapplar 
stgaal  aa  a  satalllts  paaaaa  t^r.Hlch  tbs  aata 
baaa  and  aids  lobat  of  aa  slavattMi-seaaaad,  bleb* 
gala,  fan  baaa  rocalvtag  aataoaa.  tka  aatallita 
la  aaauaad  to  bs  flflag  a  eouraa  lilroctly  ovar 
tba  antaaaa,  aloog  tba  glracttoa  of  aataaaa  acaa. 

Acalyala 

Tha  radlatloo  pattara  of  a  lias  aoarco  of 
langth  la  aloag  tbs  atllracilua  la  proportleaal 
to 

1 

g(«)  a  ^  Ka/a)  sap  -J  (  aa/a  -  7(a/a)]  4(a/a> 


(1) 


vfetro 


l(a/a)  •  aagaltada  ot  tha  apartaro  dlatrl* 

but  too 

y(a/a)  a  pbaaa  of  tba  tportura  dtatrlbutloa 
«  a  fasA  aloB 

0  a  asglo  balaaaa  tha  dlractloo  eoa- 

sldarsd  aa4  tba  aorabl  to  tba 
aurtaca, 

for  tha  caaa  of  a  alauaotdal  pbaaa  arror  ao 
lat  7(a/a)  ba  ol  tba  fora  ^ot(aica/a  a  q)  uhara 
q  la  a  coostaal  cootrolllag  tba  poaltloo  ol  aaal- 
am  arror,  sad  l(a/s)  ba  ggta/a)  ,  ao  that  Iq.  <l) 

baeooaa 


t(») 


X^~  * 

m  ^  g^(a/a)  eoa"<«aa/a  a  q> 


-1 


■■P('J*a/a>  4(a/a). 


(3) 


Proa  tha  tboory  of  Pourlar  Inlagralt  tha  tranafors 
ot  a  product  of  tao  ruDCIloaa  la  tba  coaTolutloa 
of  thalr  transforaa,*  Iq.  (3)  tbas  eaa  bs  orlttao 


Tba  sorb  raportad  la  thla  papar  raa  aspportad 
by  tbs  3alllatlc  gaasarch  Lshoraturlas  aodsr 
Cootract  M-04-a0O  OM>-dT«. 


»(•>  -  g,<«)*  \  I6(*aai0  a  »M-a«ll| 


(*) 


«0<*> 


■c- 


U/a>  aap(-J*a/a)  d(a/a) 


a  radlatloa  pattara  «lth  so  pbaaa 
•rror 

m  pbAM  •iror  *cro«s  tte 


6  •  iJipuli*  fimctioa 

n  •  of  cyclo*  ot  vrror  alooc  tte 

ftourco 

i|  •  Mt  oqMl  to  Mro 

4Ad  tho  Aotoriok  rwpnsootB  ccovolutloo. 

for  o  oiAuooidol  aoplitud#  orroPf  BCx/o)  lo 
of  iho  fo™  ♦  bco»(Do/«  ♦  <)  1  *fc«ro  < 

it  m  coaotoot  eootrollln#  tU  poaittoo  of  mui- 
mam  •mr»  M*  (O  boco«*» 


f(0 


-i: 


l^(i/a>(l  a  b<os(a«i/a  a  »>) 


p(*jaa/a>  d(a/a). 


<«) 


rroa  tba  caavalallos  proporty  of  Fourlar  traaa* 
for*o  tlUo  bocoBM 

g«*)  -  g„l*)  -*^V*>*  5  [B<*aaa)  -  B(a-aa))| 


(3> 


«baro 


b  a  psak  aaptltuda  arror  scroaa  tha  apar- 
tara 

a  a  sat  aqwal  to  VI, 

riaallp,  for  a  quadratic  pbaaa  arror  oo  1st 
7(b/b)  ha  ot  tha  tors  -p(a/a)>,  and  l(x/a)  ba 
B^(a/a>.  Iq.  (l>  thaa  boesasa 


•  Ct) 


—  /•! 


(Va)^ptVt) 


arpl-jaa/a)  d(a/a) 

(•) 


503 


tka  iaauati 


invnmtt  u<Kiel«t*4  tk* 


rroB  tk*  tkaory  «t  K«rl«r  tat«CT«la  tka  traa»- 
fora  at  a  k*t)*>ct  of  "■/%”  and  a  foactloa  t(K/a) 
la  'J*  tlaao  tta  darlaatlTO  of  tka  traaafora  ad 
t(a/a).*  tkaa  ■«.  !•)  eaa  ba  arlttaa  aa 


fkaaa  aatia  la 

f  -  ^  eyelM/aoeoad  CIU 


okaro  p  -  orrer  at  tka  ad(a  of  tka  akartara. 

If  aa  aaparata  ■(*)  lata  Ita  raal  aad  laagt- 
aatf  *aa«a 

s(a)  -  K  a  Jt  .  (•> 


f 


cjclaa/aaooad  (lt> 


Tbaa  for  Bt.  (3)  tba  raal  aad  taaflaary  porta  far 
•  phu*  •rroiT 

■  a  -P*/»[fota*aB«»  ac^ca-Sad)]  a... 


dt 


a/k  * 


dt 


•a4  •« 


1  •  p/kll-#*/»HtQ(*+o*»  a 


-B*/-Ulfj(aa3a*)  a  f^fa-laa)]  a  ... 


Th*  p\mM  ftifB  !•  1C  th« 

««locii9  l«  la  •  <lir«ctioa  oppo»it»  to  Um  taoo 
ocoooiac  41roetioo. 

«  •  •otolllto  voloeltf 
ft  •  froo  flot«lllto  to  roooloor 

fto^ftt  «  •COAAiAf  roto  of  tw  bOftOa 


vtMr*  004  ora  rtpro^ocllou  «€ 

tNo  roAlotioo  pattorn  «ltk  do  pboao  orror*  oai 
locatoft  oyoMirlcDily  on  olttor  •Ido  ol  tfto  aoio 
loW  ot  wm  •a(l«  oC  ct  Mdlons  Croo  ltd 

9^  D  tlDuoldol  ooplltufto  orror  tko  rool 
•a4  lOiftlMfT  p«Ttf  or* 

t  -  !„(#» 


I  a  b/3((p(a-B«}  -(^(aaaa)] 
vhlla  for  a  auadratla  phaaa  arror  tkay  kacoaa 

■  -  •o<*>  *  V  ^  ‘*»‘**^  * 

I  -  !.„<.)]  - 

Por  Mp  of  thaaa  typaa  of  arror  tka  pkaaa  aaclo 
at  coaataal  radlua  froa  tka  caotar  of  tka  apar- 
tum  la  tkaa 


t(t)  •  taa'*  I/B  datraaa  <t) 

aad  tka  oacaltwda  of  tka  radiatlea  pattara  la 

|g(*))  a  ^k*  ♦  I*  .  (1»> 


to  •  oloilmr  ■oMtr.  tbo  iMtOAtoDOou*  occoloro* 
tloo  0«»0CtDt0d  viKll  tbo  pbnoo  DDClO  im 


A  m  df/di  cjcloi/tocood/sooood  lift! 


ft  •  It 


M)’ 


--  <yclo»/>»cood/i»eoo4. 

CIO 


fttocoootoo 


X  tbroofb  $  tbo  oCfoctOp 

for  o  oalformly  illualDotod  oporturo  (Bq  ■  coo* 

•  toot),  of  eoolouooldol  v»riotl<mo  Id  pbooOp 
•toDOOlftol  vorlotiooo  Id  •oplltod*,  Dod  ^oodrDtlc 
variDtiooD  la  pbaao  Dcrot»  xbD  aporturOp  oo  tbo 
pbDoo  aaflo,  radiation  pattara,  InataatDAOOua  Cro* 
ODOtkcp,  aed  occoleratloo,  for  vaXuo*  of  ^  ■  0, 
a/ft,  a/ft,  b  •  0,  a/ft  and  a  «  1.  To  koop  tbo 
flforoa  Id  tbo  ooat  poooral  form,  curv«D  of  ftftAlft 
aoO  ftad^f/dd^  loatvad  of  frcquODC/  and  accDloro* 
tloo  bavo  boon  plotted  ro«poctiv«ljr  In  71ftD,  ft 
aad  ft  aod  In  Flft.  T  aad  ft.  Is  addition,  all  cC 
tbo  flpsroa  bavo  bo*n  plotted  afDlaat  ♦.  ftnooror. 
Cor  larfo  (Is  vavvlonctha)  aperturoa  ibla  aoftlo 
!•  ftlrocllp  proportlooal  to  tbo  actual  aaftlo  ft  la 
tbo  rlclaltj  oC  tbo  odId  bofua.  ChooaLAg  tbo  porl- 
od  oC  tbo  orror  oqaal  to  tbo  aporturo  width  lo* 
catoa  tbo  larY«nt  orror  pattora  [Kq(*  tna)]  at  tbo 
firot  aolla  oC  tbo  orltlaal  pattora  (CnCd)]*  Tbo 
roflcs  of  tbs  pottora  ov*r  wblcb  conputattoao  ooro 
aadi  !!••  botooos  fto  poaJk  of  tbo  pattara  (ft  «•€!  and 
tbo  part  haltvap  botwwoa  Uoflrat  and  aooond  aulX 
(0  to  IftTO),  Tb*  cospot«d  raluoa  ara  baaod  on  cal*' 
culatlena  oolac  tbo  first  four  torso  of  tbo  aarlaa 


SOfc 


ia  <3)  <4)  fr  th*  agiar,  fwMtloa  a^aat  taia  Mia  vPlla  tto  cvtm  far 

Ua  aoact  axpraaaloa  ia  m—4  tor  thm  piaaa  arrars  Ma  oM  twmetUm. 


rifUTM  I  m4  i  atea  ilMt  far  a  aaifaiB 
aaplituda  diatritMtioa  altkovt  aap  pfcaaa  ar 
taplltada  arror  (p  •  Q«  P  «  0>  taa  pfcaaa  aagla 
hu  a  atap  dlacoatiaaltj  of  IM  difraaa  oa  • 
paasaa  frca  aala  baaa  to  tha  aida  lo4o.  Aa 
phaaa  arror  ia  latro^icaA,  tAa  varlatioa  ia 
pkooo  moil*  aioat  iAa  aala  baaa  aaf  tM  tirat 
•lAa  loba  bacoaaa  aora  craiinl  aaf  tho  total 
plaaa  varlatloa  ovar  tiM  raploa  coLialdaratf  to* 
eoaaa  aa&llar.  Aa  aiauaoitfal  aaplitato  artcr 
it  lotrodacaA,  tto  aarlatloa  la  ptoaa  aa^la  &a 
•lailar  to  tto  atora.  altk  tto  aacaptloa  ttol 
tto  ratultaat  eurva  la  aa  o4d  fuactloa  aboat  tto 
Airactloa  of  tto  paak,  atoraaa  tto  curvaa  for 
tto  ptkMo  oaror  ara  aaaa  fuactioaa.  Aa  a  ra* 
•alt,  oat  aoultf  axpact  tto  Inataataoaoiat  fra* 
^ooacj  ana  accaloratloa  at  tto  paalt  of  ito 
pottara  to  to  aaro  aad  flaita,  raapactivalj, 
for  tho  phaaa  orror*  ato  flalta  aa4  aoro«  ra* 
•pactivolp,  for  tha  aaplititoa  arror« 

Aa  aboaa  la  pica.  3  and  4,  tto  caoaral 
•ffact  of  tha  arrora  oa  tto  radlatloa  pattora 
it  to  raito  both  tto  alda*loba  laaal  aad  tto 
loval  of  tho  alotaa  aith  a  corraapoadlag  loaa 
i«  aaaiaua  saia. 

Xb  Pip.  3  tt  la  aaaB  tkat  alth  fi  m  a/3  for 
cto  coaiokiaoldal  phaaa  arror  tha  aala  loto  toa 
harnaa  bifgrcatad  alth  aaaiaa  appaarlof  oa 
althar  «l4a  of  th«  a  «  O  aalo;  tto  olda«l€gto 
laval  hftt  toaa  ralaad  t  db  ab^a  tto  laval  oal* 
colatad  alth  no  phaaa  arror;  tto  alalaua  toa 
baaa  raltad  froa  a  coaplata  aull  to  oolp  t  db 
baloa  tba  paah;  and  tha  gala  la  tto  4  a  0  dirae* 
tloa  la  down  •  db  froo  that  calculatad  alth 
p  ■  0.  Corraipoodiaglp«  alth  p  •  c/I  for  tto 
quadratic  phaaa  arror  tha  atda*lobo  laaal  haa 
bacB  raitad  3  db  aboaa  tto  laval  ealcalatad  alth 
oo  ptoaa  arror,  tho  olnloun  baa  toao  roiaod  froo 
a  cooplata  null  to  oalp  f.S  db  baloa  tto  paak« 
aad  tha  aaxiouo  gala  la  do«ai  1  db  froo  that  oal* 
Culatod  alth  P  ■  0. 

Placa  tha  froquaocp  arror  !•  proport  looal 
to  tba  tlopa  of  tba  phaao-angla  varlatloa,  Ptga. 

S  Bjad  6  ara  logical  aateralooa  of  Plga.  1  and  3. 
Tto  atop  dlaconiioulty  la  tlia  phaaa  angla  foood 
alth  ao  trror  (p  •  0,  b  ■  0)  producoa  a  dalta- 
fuactloo  frequanc/  orror  at  tba  tloaa  corraa* 
pcmdlng  to  tba  aatalllta  poaaaga  at  tto  first 
aall  of  tha  radlatloa  pattora.  Boaavar,  abac 
alttor  a  ptoaa  or  ao  aaptltudo  arror  la  latro* 
ducad,  tba  raaultant  aooothtng  of  tba  phaaa- 
angia  variatloo  raaulta  la  flalta  fraquaacp 
arrora.  Tto  peak  of  tto  froquaoey  varlaiioa  Aa 
■till  iQ  tto  vicloltjr  of  tha  outl.  bat  ahlfta 
tovard  tba  paah  of  tba  pattora  aa  tto  phaaa 
error  le  incraaaad;  tto  aaaiauii  fraqoaocjr  arror 
baco^oa  ■aallar,  and  tto  variatloo  occurs  avar 
a  larger  tloa  lotarval.  Tbaraforo.  tto  fraqaoacy 
error  at  the  half -power  polnta  of  tha  pattara  la* 
creoaeo  ae  tha  phaaa  arror  la  lecroaaad.  Aa  vao- 
tlonad  befora.  a  aoa-aaro  fraquaocj  arror  aaleta 
oa  tba  a  ■  0  acta  for  tto  aoplituda-arror  rtiadi* 
tloaa  aad  tha  raavltaat  carra  la  aoa  aa  avaa 


Aiora  tto  aoealaralloa  arror  la  proportloMd 
to  tto  aiopa  of  tto  ffa^aaocp^arror  rariatloa, 
tto  diaaaaaieto  aaad  for  aiplalatac  tto  fraqoaoog* 
arror  vorlatlaa  will  also  to  appllcabla  for  ai^ 
plaiaioc  tto  aeaalaratloa-arrar  aarlatica  abov 
ia  Plpa.  t  ood  3.  bloea  tto  alapa  ad  tto 
fraqoaaop-warlatlaa  cbaogaa  alto*  3to  acealaro* 
tiaa  arror  oloo  nbaTpaa  olto- 


■ifact  oa  tatalilta  Tracklag 


To  oblala  tto  aaooat  of  llapplar  fraqwaaap 
ahllt  raa«^tlaf  freo  oaall  phaaa  arrora  aloof 
tto  apartora  CA  <  a/3>  it  la  oacaaaarp  to  ool* 
ciplp  tto  valuo  oi  dp/dt  total oad  froa  Flfo*  i 

aod  *  ^  ^  ^  *  mo  operatloa  coohioaa  tto 

rata  of  cbooga  of  phaaa  aagla  alth  raapact  to 
tto  aagutar  diractloa  oad  tba  rata  of  chaaga  of 
angular  diractica  aith  raapect  to  tloa  produclof 
tto  rata  of  chaaga  of  phaaa  aagla  altb  tloa  ffro* 
fuaacp).  30  obtala  tha  accalaratloo  tto  aaloa 


af  Ic  ^ 
to* 

tipi lad  bp 


totalaad  froa  figo.  7  aa4  •  aro 


Typical  aataoaa  parmoatara 


of  tha  SAL  Doploc  apataiT  ara  a  ona  dagraa  toaa« 

width  faa  toaa  altb  a  acaaalag  rata  f  of  13 

'  at  ' 


dagraaa  par  aacood.  Wltb  ihaaa  valaoa  o/K  la 

approaloataif  33  and  dD/4t  bacooea  .33  rodlaao 
per  second  for  a  9P0-atle-altltade  aatelllta 
travaltlag  alth  a  3-aaia*par*aacood  valoeltf. 

For  thaaa  voluaa  a  typical  fraqoeocp  shift  altto 
la  the  half-power  toaoraidth  doe  to  a  coalaaaoid«3 
phaaa  arror  which  warlaa  froa  x/3  radlaaa  ml  tto 
ceatar  af  tto  apartura  ta  *c/3  radlaaa  at  tto 
adgea  of  tba  apartura  la  about  3  cpelaa  par 
aacood  whlla  that  dua  to  a  quadratic  pbaaa  arror 
which  varlaa  froa  aaro  radlaaa  at  tto  canter  to 
-0/3  radlaaa  at  tba  adgaa  od  tha  apertora  la 
about  oca  cycle  per  aacood.  Tto  raapaetiwa 
occeleratluoa  iatrodocad  ara  about  130  cyclaa 
per  second  per  aecood  aad  30  cycles  por  aecood 
per  aacood;  a  pash  aoplituto  arror  of  apprasA- 
oataly  ooa-balf  tba  orlglaal  opartarw  aoplltada 
would  to  raqulrad  to  glva  fraqueocj  aod  acceler^ 
tloa  errors  ccoparahla  to  those  due  to  eoall 
phase  arrora.  Also  froa  the  calculatad  data  it 
can  to  aaaa  that  ccaparahle  arrora  ara  prodBC*rd 
for  a  peak  coaiouaoldal  error  which  la 

1/3.3  aa  lerga  aa  tto  quadratic  phaao  am  • 
tto  edga  of  tha  apartura.  This  ralatlo' 

•eeoa  raaaoaabla  since  tha  first  Fouriav  coaf- 
ficieat  la  tto  eapecaioa  of  a  quadratic  fwoctlaa 
la  4/0*. 


Tha  Doploc  ayataa  la  a  biatatlc,  CW,  raflao* 
tloa  Ooppler-detactlco  ayatam  coacamad  with 
tha  datactloo  of  nou-radlatlag  aatallltaa  aod 
the  dctaralnatloD  of  tbair  ofblta.  Tho  orbit 
of  tto  aatelllta  oaa  be  datermload  froo  tto 
Oopplar  ahlftad  racelvad  aigaala  raflaatad 
froa  tto  aatalllta. 


ar  MOtlarMte  artw. 


Slaaa  Um  iataiaatlaa  b«A4«i4tlM  ra^alfa< 
to  tiv*  «4oqoato  •lc»al*to*aoloo  rotloa  to  aalA* 
tola  lock  aro  pro^ort&ooal  to  ttoo  aqoaro  root  mi 
tko  rato  of  ckanco  of  tbo  Dop^or  fro%ooocy,  tiko 
•ffoct  of  aa  oOditloaal  accoloratloo  vUl  ko  to 
iacroooo  tko  ro^olroO  OoaOvidiko.  for  ootol-^ 
litoa  la  orbit  at  aa  aititada  of  100  alloa«  tbo 
roquirod  baadoldth  iacroaaaa  froa  10  cpa  to  10 
cpo,  vlillo  for  aatallt'.oa  la  orbit  at  a  t«0i0* 
alio  altitudo.  tbo  ro^uLrad  baatfaidtb  Inrfoaaaa 
froa  k  to  10  «:oa.  Tkaroforo,  a  baary  paaalty 
la  paid  la  taraa  of  total  traaaaittar  pgatr  ra- 
Hulrad  b7  tba  iacraaao  ia  rata  of  cbiMt  of 
Oopplar  abift* 


By  aaaoiaiap  C*>  oaa  oay  aaa  tbo  offoat 

of  cotloutoLdal  pbaaa  arrora  oltb  aavaral  cytlao 
of  arror  alone  Iba  Iloa  aourca  oa  tba  pbaaa 
anfla  aad  honca  oa  tba  traquancy  aad  oooalaro^ 
tioa  arrora.  Far  «  1  tba  pbaao-aapta 

arror  la  ap,»rojUaataly 


y(«)  m  taa  *  ® 


Vi* 


<U| 


for  a  ualforafcly  llliMiaatad  apartiuo 


ala  a* 

•o<*  >  •  -T!~ 


(IQ 


8ubitltutl.«  ■«.  (1<>  (at«  (18), 


*(•>  Sr  tM'*  (-!)"■* 


«»gnm  UQ 


lor  ■  >  1. 

Datmra  tbo  bol(-po*or  potato 

♦  (♦)  »  0*  Oosrooa.  UQ 

M  'o' 

Froo  Iqa.  (13>  aod  (14)  oa  aoo  that 


UQ 


(*Q 

Proo  tboaa  equotloBs  It  la  omb  that  aa  tba  Cr*- 
qucncjr  ol  tba  phaia-arror  dlatrlbufloa  lacroM 
tha  p«Bk  phot#  arror  Oacraaaaa  bp  a  factor  •> 
1/d^  tor  aopular  tUracttonB  batvaaa  tba  ball* 
poatr  polnta.  Coiaaqueotlp,  onlp  tba  leoar- 
barvonlc  alooaoldal  pbaao  arrora  cootrlbata  wm 


■ulttpia  Apartara  Irrag  Tarlatta— 


U  oa  aoa  eaaalbar  aap  aatill  pbnta  nirar 
41atrlbatlaa  acreaa  tka  apartara  aa  aoBalatlap 
«(  a  aab  af  alaaaolkal  ilatrlbatlaaa  tor  aarlaaa 
aaabara  at  cpcias  at  arror  thaa 


p0«/a) 


pi^a«a(aaa/a). 


W 


Cubatitatlac  lata  Iqa.  (1)  bb«  (Q  tlti  raaaltaal 
raaiatloa  pattara  la  paaportleaal  ta 


■  (•)  “  ^  ir  [■o****  p“t»t**a«)  a  Matu]  j. 

Por  1  Kq.  (am  alj^ltlaa  ta 


«(»)  -  *,(•» 


I 

a 


(U) 


It  M  saparata  •(*)  lata  It*  raal  aaP  laa<laaip 
part# 


«  a 


«ot»> 


I^(»*or)  a  >*)] 


Hio  pbooo  taglo  for  f  %  tu  f  at  oooatoot  rcdlM 
froo  tbo  cootor  of  tbo  oportoro  ibor.  vpprwi- 

Botoly 

II 

*<*>  *  5  ^  P,I«9W«i0  ♦  «,(*-aiO).  IK> 


■  laca  tba  aquatloa  mot  tha  aabaaqaant  aqw 
ttOQS  tor  fraqnaBcy  anP  accalarstloa  ara  llaoar. 
tha  auparpo*ltloa  thaoraa  caa  ba  aaat  to  datar- 
alns  tba  altaeta  of  a  aiB  ot  M  oooloiwoldal  — ■ 

arror  caapoaaata.  It  caa  alaa  ba  atanaatratad 
that  a  atallax  ralattaa  alao  holth  tor  a  aua  od 
alnuaoldal  aaplltoda  arrcra.  Slaca  tba  aqaatlaa 
for  tha  pba«a  aapla  la  not  llaoar  lor  ralaas  ot 
a  aucb  that  p  K  taa  f,  tha  Ipaqpaaty  aad  accalara* 
tloo  arrora  caa  oalj  ba  obtalaad  by  cooaldarlac 
tha  cooplala  azpraaatoa  tor  1  laataod  ot  bp  tha 
•uparpoaltloo  ot  tba  ladlrldual  attacta  of  Ita 
coapooaat  parta. 
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mttvctrn  ic  WiW  C— Mr 

ta  tiM  pr*c*41iis  41*ciia«i«i  M  Ikav*  coa* 

•  I4»r*4  tbct  tka  pbMa  CMlar  H  tka  utmaa 
mtt  tta  pout  at  rotattoa  ar«  eaUelUat.  Pr 
aatalataf  ■  (ll>  ua  <I4)  oaM  aap  lUttmM 
tka  olfoct  ot  a  dlaplacaMat  kataoaa  tho  pkasa 
eaatar  aaa  tka  potot  of  ratatlaa  aa  tka  toataa- 
tram -It  fra^aaacy  aop  ascalaratlaa.  it  tka 
pkaaa  eaatar  llaa  bahU4  tka  reUtloa  polat  a 
aialaaca  'd*  tkaa  tka  corractad  pkaaa  aapla, 

*«.  1» 

U  CM#  r»dl«M 


t(«)  ■  «  phaM  aacl*  for 

d  s«ro 

1  «  PArt  of  rodlatloo 

pettorn 

t  •  re*l  P*rL  of  rWlatloo  p4tt«r« 

k  ■  Ix/K 

0  m  oAglo  b«t«««n  tho  rfiroctlofi  coo^ 
sldoMd  *04  tbo  ooraoi  to  tho 
•urfoco. 


CoMltfi— > 

Am  kakiraik  Aam  %mmm  frtai  cat  mt  tkm 
otfoct  of  UlO  — ti—a  pkMO  poAtora  «a  tM  im- 
otiAtkMOM  fiofaqr  k#ift  m#  tho  rmto  of 
ckango  of  frO0M— cy  oltift  mt  m  ffoco&ao#  Dopplop 
•Igtikl  Ok  o  kktkIlAtP  pMkkO  Uuooek  tiM  kl4k 
lobkk  kod  oola  homm  •#  a  kroaalkt  aortov  f« 
bkao  oatkooka  IppraPtMif  fokoaloo  mot  cropfta 
or*  prokkoto#  lAlaotiaka  tkokk  offoetk  for 

k  uAlforalf  tlloalkkto#  opoit— ‘k  vitk  kttLkP 
kaoll  coklkukoldol  varlatioao  la  pkookp  or 
•touooidkl  vkxlktioaa  ta  oaplitaAk.  or  %ukdr»» 
tic  voriktlook  fo  pfckkk  orrokk  tko  kportwro. 
AltiMMiAk  tk«  kkolyklo  Mly  cookldork  tbk  kffoeik 
of  cokikukoiOkl  kk4  fkiwe  orrork  ka# 

kloukottfkl  kaplttoOk  or«Mk  for  practieolitf • 

It  could  fao  Oktkkdktf  to  rkakt#kr  tkk  sknorcl 
Ckkk  of  Mok  fuoctiaaa  of  pkaok  orror  kod  odd 
fuactftook  of  koplltada  orroTa,  Sloco  odd  fuao- 
iloftk  of  phkko  orrop  mm  momm  foacttcak  of  #•* 
plltudk  krror  do  »ot  latiodoro  a  ^okdrktlc  coa- 
poAkot  into  tbk  rkdtkt iok  patlkrk,  tbvkk  krrork 
by  thkokklvkk  kill  nod  affect  thk  pbokk  pottkra. 
If  oak  ««ro  to  cookldT  m  paoko  end  oaplltudk 
orror  kslktikd  ki—l tokO—kiy  kcrock  tbk  kpkr- 
turo,  botb  ovkk  aad  o#d  fmetioak  oould  hkvk 
to  bk  cookldoroda 


rvM  Set.  (13)  tad  OS)  vk  tkk  tbat  tbk  cor* 
rkctkd  4U*tkAtko«oui  frkqiWfKf  Ik 

f  (•)  •  (<•)  *  f  ?  ^  «P*  **•* 

C  k  4t  kkk 

*ad  tbk  corrected  tmtkntkoeokk  kccklkrktiok  Ik 
a  A(*)  -  j  ^  ;  jis  epa/aae.  4»n 


f  m  3Ck/X  kU# 

klaO  b*  0 

lit}  •  ioAtaatkokouk  frk^pkmcy  vitk  d 

kkro 

A(k)  «  loktaatkokouk  accklkrktioo  vltb 

d  kkro 


An  kkkaplk  of  a  ooa-#B0kOk-bkka«fldtb  fkk 
beta  katknak  kctaakd  at  a  rato  of  I&  dotrook 
pkr  Akcood  AtwKk  tbat  PotMoo  Ibk  balf-poMr 
polntk  thk  aAklaua  Dopplar  frA^okocy  kblft  la 
kbcut  ook  cyclk  pkr  Akroad  tbk  aaxlouk 

r*tk  of  chkAdk  of  ffk^krary  la  about  100  cyclok 
pkr  kkcood  pkr  skcAOida.  If  tbk  lb>pplkr  frkOUAkcy 
lotroduckd  by  thk  aporturo  orrorA  Ia  aa  odd 
functloo  kboot  tbo  pokb  of  tbk  pkttkra  (#  k  0)* 
tbk  ffoa^kocy  Ablft  aay  be  rkagikd  froo  tbk  ro* 
cklvkd  klfOkJ.  if  tbk  dktkctor  Ik  ckpablk  of 
kvkrkdlfif  tbk  frkaatocy  kkriailoaA  okor  k  tlak 
lotkrkki.  dikck  tbk  iaXocnktloa  bkkdktdtb  ro* 
tiulrkd  ik  k  pbkAk-Iocdi  wootkor  1a  proportlaokl 
to  tbk  k^ukrk  root  of  tba  rata  of  chkafk  of  tbk 
Oopplkr  frk0wkQcy»  kbla  ktfkct  aoy  rosulrk  kk 
wpprkclkblk  locraaak  la  tbk  alklaua  kllovAblk 
bkndvidtb  kltb  k  AkbkkOkAat  todactloa  ia  tbk 
Algakl'tO'aolkk  raf la« 

Pkfkrkocok 


Ik  tbk  vicinity  of  tbk  akik  bkAa  tkkAO  kqok- 
tlkak  rkdkCk  to 

i^(«)  .  <*•* 

A^i*}  m  A(a>  -  ^  j  epa/aae.  (»» 

Tberkforkp  tbk  kffkct  of  k  kOk-cklkCldApt  pbakk 
coBtkr  Afld  point  of  rotAtio*  Ia  to  introduck  ko 
odlitLocAl  coapoakQt  (rkqukocy  kad  accklnrntloa 
krror  into  tbk  rkctlvkd  sifnal.  TblA  any  bk 
OAkd  to  mduck  thk  oO'AXik  kcckinratioo  arror. 


I,  L.  C.  to  hoy,  «.  Ucbkkdp  ft.  B.  Fkttoa* 
*'0kcood  Skal-dMMU  Ibeb.  A^aary  Boport 
Period  Jnakkry  *  JO  Jmc  IPM,**  BU*  Ma^ 
randua  tkport  Bb.  1300  ffkly  ltO»)  CClfPl* 
SBbTtAL. 
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"■icrolock:  t  IwlaM  Ovlpbt  Radio  IbAtrv* 
aentktloo  SyktcM  far  a  JOtkllltk,'*  Jkt  Pro- 
puikioo  SB,  pp.  BM'  PdP  (Awf^it  Itbd). 

3.  C.  L.  Mlklnca,  *PrtaclpleA  end  Appl  lentlook 
of  PbkAk*iocR  Pktkctioa  Im  fbkDk-Cobarknt 
Byatkac,*  Jkt  PikyolnUia  9B,  pp.  B4i*M7 
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4.  V.  V.  Blcbard,  ^b^oc  Trackliit  nitar,**  BBL 
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Vi  V.  Tutor  «.  UOtarA.  BaUlrtU  I 
•olllatU  B«— «rck  Xokomterlea,  AborAMS  Prevlj^  I 


Tbo  MrooA  aolMao  voa  Aratvaod  for  TV  balo- 
aaterlsa  mA  B«aA«r  tiaoklas  lortwr  nf  tUa  OM 
«B  U|b  MloelV  to^vU  nblch  rtfulro  •  111, 
Ufhtitaliht  oloM  with  oo  ulrtlrrotAonol  lOdU^ 
tloB  a^tdltoSo,  Mortost  pboao,  psttan.  A 
■athoA  ct  laotoUotlao  af  tha  Bhroul  airteigio  opa- 
taw  ta  oaaA  iMck  4awa  oet  rw^idia  roekat  boV 
aoUneatloB,  aaHag  bolaa  or  bilto.  .Aa 
aDtcnaa  aUaaaAa  aaa  bald  fkat  ta  Uaa  roebat  boV 
vltb  aatal  atapa,  fbclUtatliiA  eamaalaat,  aad 
tba  Vroid  baa  vttbatood  aaa 

eaiariUp  tha  klV  acealamtlOB  and  taagatatara 
aoTijnant  ot  tda  Ukc-Cajaa  roebat  wlkteii  baa  a 
paak  acctlaratUa  of  6o  t'a  aad  attalna  a  ipaaA 
at  aach  6  aa  low  aa  30,000  faat.  Tba  flat  pjata 
traa  of  tba  aH  la  ill,  praiaatliiA  law  dn^ 
Hl(b  taaparaVara  raalataat  Htarlala  ara  uaod  to 
wltbataad  tba  aatiaaa  baat  aaianttad  tgr  air  frlo> 
tiaa. 


Propertlaa  af  tba  Shrcod  aataaaa  dlacBaaod 
loeluda:  tba  baaU  tbaorp  of  optratloo,  rad  tattoo 
aoplttoda  and  jbaaa  pattaina,  vU,  afflelan^, 
Tolta«a  breokdotB,  rollatloo  afftctaaep,  lapedaaoa 
mtchioo,  cooatnetloa  laatallattoa,  ad,*iiataeat 
and  nifjat  parfbaoaaca. 

armoDUCtw 

Tba  ShraOl  aotaona  aaa  d«al(Dtd  ta  fill  tba 
Bead  for  a  epaclal  roebat  catanna  ayataa  la  coo- 
BaeUoa  arltb  tba  Obpar  Atacaibara  Raaoai-eb  Prosf*a 
of  Uaa  EamaUa  ■aaaarch  Uboratorlaa  aod  tba 
WJUatle  ItvBtraaatatlea  or  rockata  flrad  at  tba 
fort  CburehlU  Bat  roekat  raaea  durian  tba  mrt 
lateniatiaD&l  GeopbyiUal  Tear  prograo.  Tba  DOTAP 
(DOpplar  taXoellp  tod  Foaltloo)  trocklon  aad  tala* 
aaterlnc  Hjttm  aaad  ra^ulrad  a  roekat  aatanna 
apatea  vblcb  bad  known  pbnaa  propartlaa  aad  pro* 
Tided  a  cCDtlaoooa  aapUtuda  of  tba  aleual  trana- 
alttad  froB  tba  groued  aad  for  tatiaaasaaatao  baeV 
to  Um  (rowal.  batlabla  oparatloD  vaa  raqulrad 
udar  toa  iii'iim  carlrooaent  of  tba  nail,  bUb 
Ttlaaltgr  roekata  «ltb  Mgb  taka-o<*f  acoalaratloo 
aad  high  voXocltp  at  low  altttudaa.  Tta  aatbod 
of  Isatallatito  aaa  required  to  toa  aLaplo  and  eoo- 
Taolcnt  vlUi  lltxla  or  no  Bodlflcatlcn  of  tba  roe* 
kr^  boC/  perailttad  oIijCO  ajoec  aTallabU  for  tba 
aat-cQaa  wa  aa  tba  eular  aboil  of  tba  roekat 
vbleb  cootalnwd  tba  fial. 

Ultb  fee  cacaptlon,  tba  Bbroud  antama  apa- 
tea  cat  tbeaa  cxaidltloiu  aak  used  oa  t^  €0 
aoundlof  roekata  fired  for  tba  lOT  prograa'^T^j 
that  carried  DOOP  laatnawntatlon. 

KanoD  dnznA  uacniFTxcii 

Oaneral  Daacrltdlaa 

Tba  Sbroud  aatawaa  la  baalcaJlp  a  loop  aotaa* 
ua.  Tba  loop  ta  ractaaeular  U  fom,  alaetrloallp 
balaocad,  reaoaaat  at  tba  operating  frsqvaaocp,  and 


■atebad  ta  JO  oiM.  S 
froB  Ita  BlBllarlV  ^ 
aaaa  ta  tba  eabla  oaraa 
Plgara  1  abowa  tba  tiuaad 
zattoa  aa  isatalXad  aa  tta  Cajaa  reabat.  Tbaaa 
aataama  wera  uaod  ultb  tba  DOTAP  tncklag  aat 
taltoatartng  iTStaa  for  nptloa  at  38  aa  ant 
tnwlaaloa  at  78  aa* 


o^lojad  for  tbU  oaaj  for  raeapttan  aat  twa 
for  tiemaolon 


rigura  1.  ShronA  Aadaauaa  Ob  Cajm  Dochot 
Sbroud-looB  DerelnaaA 

Tba  cooUncDui  InfioMtloa  aoegbt  vltb  tala- 
■aterlng  aad  balllatlc  traektag  Ibroogbowt  tba 
aatlre  roekat  fllQZit,  fra  laaiebJi^  to  Igpaot, 
li^acd  a  requlreaeiit  far  tba  aataiaa  apttea  to  bo 
aa  cloaa  to  taotrople  aa  peaalbla.  Ha  oearlp 
TtrUeal  nrlaga  abora  tba  graiaid  trueblng  atao 
ttosa  dletatad  good  radlatuia  eoeoiaea  dowaward 
froa  tba  tall  regtoo  of  tba  roekat.  Tbaa,  noca 
atub  or  bodp  fed  actaia  ware  not  aaabla  ataoa 
tbep  vcvild  baea  a  daap  all  off  tba  roekat  tall. 
Tba  keatc  requlraaeiit  far  aadlatloa  In  tba  dtrao* 
ttoo  of  tbt  loQsituUnal  wmio  of  tba  roekat  la  ta 
Mt  <9  on  alactne  field  pwpeudlcular  to  tbla 
axil.  A  loop  antenna  akeaa  plana  eootalEe  tba 
loogltuUnal  ajda  of  tba  roekat  ftUa  tbla  ra> 
qulrajaant.  StuUaa  oondatad  at  tba  BalUatlo 
Peaaarcb  laboratorlaB  oiaw  tbs  past  tan  paara  oa 
TAP  (30  to  309  ea)  antaaaa  far  asOl  roekata 


510 


tmf  tiMA  tbi  Xooy  kM  teilnbl*  ir^ 
parttm  Ml  adMatac**  ow  Upola  am  alot  aM> 
Olata,  iftiok  nat  ka  tiasavaraa  foa 
tadl»ttea  alaac  tha  roebat  aala,  ara  wA  taa 
akaart  for  aftletaat  (aaiaUeB  akea  tka  roahat  dl*> 
Mitar  la  caal^  of  tha  order  of  6  iDokaa,  {iJyH  I  at 
38  ae).  Itlfolaa  and  ot\d>a  aaat  frotrnta  froa  aaak 
oUa  it  tka  roskat  kodjr  tijr  at  ^lat  t  /ID  (2.) 
faart  at  98  m)  far  aoeastabla  iUUatloo  afflelaaqr. 
Tkla  la  aaaalljr  aa  aoteaaalTa  pretraaloo  for  raa> 
aoaa  of  dnc,  atabllltjr  and  aankattlral  daal^  ea^ 
atdanUaaa. 

A  free  oi^aa  drcalar  loop,  vboaa  etreiMaF> 
aoeo  la  laaa  than  oM'kalf  aavalaastk,  baa  m 
OMldlraettaaal  patters  la  ttaa  plane  of  tba  loop. 
SKpnrlaaBtal  attiUaa  kora  dlaeloaad  tkat  tka  akapa 
or  tut  loop  kaa  no  apporaolabla  affect  aa  tka  akapa 
of  tka  ndlatlco  pattern  aa  Icac  aa  tka  clreMftr- 
aoM  la  lata  tkaa  aaa-kalf  navalasotk,  t.a.,  tkara 
la  a  imUlractlooal  cxrrtBt  flow  arotoA  tka  leap 
with  no  pkaao  rararaal.  Tka  i^car'  part  of  npart 
2  akowa  t«  roctacjular  loop  aknpea  of  proportloea 
■kick  atm  yield  aa  oMldlractloBal  radiation 
pattain.  Aa  aarly  applioatlcn  of  tka  kalanead 
loop  antana  for  MVAp  traaklDc  aod  telonatarlat 
«n  tka  two  atapa  VAC  Corporal-T2  mckat  la  akowa 
la  flpiBO  2.  Ike  aaaaured  radlattoo  pattern  la 
seen  to  kt  only  aUghtly  perturbed  by  tbe  loop, 
larpa  rocket  bedy.  Tbe  loop  wae  aottited  in  tki 
nooe  aectlao  aal  a  flberplaa  soae  coia  coreir  wae 
naed  As  apaoa  baesM  uasTallskla  for  aatennae  la 
eubaatuiBt  rocket  aiperlMnta,  It  beeaae  naooieary 
to  men  tke  aatemias  to  the  elda  of  tka  body^  flp* 
■ra  2  ahem  two  raetaspular  loops  aountad  oa  aa 
AenAra  lockat.  Two  loope  art  seed  te  fora  a 
balarrad  apatm  to  allaloate  tka  affeot  of  tte 


loaknt  body  m  tka  ndlatloo  paVtarm.  Ska  tap 
la  opt,  add*  ara  fkd  iSoP  out  of  pteM,  antta 
epMl  aqllta^,  ovt  of  pkpaa  etoranta  nlODg  tha 
roMat  kodr>  Shu  tka  lompl  tndlaal  kedp  aiataa*, 
•htak  oeold  radiate  la  tka  dlpola  aoda  and  aaoaa 
a  laajlj  10k ad  isdlatlca  pdttan,  are  aaiwiallad . 
Tka  loov  cMTMt  dlraottea  of  flaw  dtpdotad  la 
flpara  2  M  tha  Aarokaa  reokat  akowa  tka  oppoolta 
dtraettaaa  af  onrrent  flow  aloe«  tka  roekat  bodp> 
ky  aM  af  thla  taekeltoa  tka  partuitjlap  affeot  af 
tka  racket  k  dy  oa  tka  radiation  pattara  la  tffoa 
tlaaly  aaia  epupt  la  aa  muatestad  ky  tka  aaa* 
aorad  radlati  -  pa  iSrn  la  ngtoo  2.  Tka  taa  loo# 
amy  affore  w  rary  daalxakla  adwaatapa  af  paa» 
alttlap  tke  aotama  taatallatloa  aqntkara  alone 
tka  Tochtt  body  aa  rwqulxed  by  aarcdysaala  ar 
etkar  ronaldaratlena.  Coapleta  aaoeurtd  rodlatlo* 
aejllrada  pattama  of  a  two  loop  array  on  an  Aaro> 
baa  roekat  ara  tkown  la  flpura  9,  deaneatratlag 
tka  cloaa  MfaaBxat  obtalaad  la  practloa  wltk  a 
ftm  apace  loop.  Neaasrad  radiation  pknao  pnt> 
teraa  ara  clwaa  la  fipurat  k  aod  9.  Tka  radiation 
phaaa  araned  tka  axla  of  tka  roekat 

la  aeon  te  be  eecetaat  wlUda  IC^.  In  tka  traaiH' 
mraa  plaaa  tka  azpcctad  l£xfi  akn^t  pkaas  shift 
le  obtalaad.  Tka  pbaaa  asdalatloo  caused  by  roo* 
bet  apda  that  aa  aateoM  with  tkaee  pkaaa  proper- 
tlaa  wm  laposa  oa  tba  oarrlar  kaa  keen  stMlad 
hgr  tba  Staaford  lUaaaLick  Institute  andsr  Contmet 
lMUOt.2aMfOi.279  with  tka  fiamaUe  Basaorak 
laboiatortea,  and  is  reported  la  Refaraneae  9,  t, 

9  aad  d. 

dkrand  Cooetrurtloa 


Tka  rsetaapular  loop  oonflpurotioo  of  tka 
SLroad  astcBno  la  abown  la  flpura  6.  Tka  oondne 
tor  wbleb  pneeae  aloap  tka  Isnptk  aad  aada  of  tba 
ahrond  fanes  three  (Idas  of  the  loop.  Tka  aurfaaa 
of  tke  roekat  body  serres  ea  tka  fowtS  tide,  oa». 
pletlap  tka  aleetrlcol  path  for  tka  loop  clrasla* 
tlap  carreat.  Tbe  aetal  etrape  at  tka  aada  prase 
tke  end  feet  tlpbtly  epaiaat  tke  rocket  body  for 
eXaetrleal  cootact  aad  pkyeloal  aupport.  If  a 
astalUe  ooter  surface  la  oot  amllakls,  a  narrow 
strip  of  BDtal,  foil,  or  eendueUap  paint  mq  be 
rwa  alanp  tka  body. 

Tfai  loop  te  electrically  kalanead  with  r«. 
•peet  te  tha  rocket  body  wltk  a  pap  at  Ita  aid- 
leaptk.  Tka  li^adanca  at  tka  pap  ceeulsta  of  a 
iraataUws  eoarpoMot,  of  tka  order  of  90  otaas,  la 
aerlea  wltk  a  lares  Inductive  raaetaaoa.  Tbs  re. 
aetaaca  la  laductlvs  by  deelpn  tines  tka  elreua* 
faraaoe  of  tke  loop  la  aada  to  be  lata  tbss  ooa. 
half  vavolcaptk.  This  allowt  rseonatlnp  tka 
aatenoa  wltk  a  eoall  variable  capacitor  Wbleb  kaa 
low  Joaa  and  Iw  aaehanl rally  coovsnlsnt.  Tba 
aatchtap  elrrult  eaploys  Indvctlva  coupUnp 
betwees  tka  feed  cable  and  an  Inductor  In  aarles 
with  tka  rcomtlDp  capacitor  at  tha  pp.  Aa 
adjastaaot  of  tka  Input  raelatlvs  cowponant  la  pro. 
Vldad  by  tke  alup  la  tka  eoupUnp  coll.  Tba 
variable  CMXltor  le  used  to  adjuet  for  tero 
Input  rcectaace  snd  for  a  further  fine  ploaa 
adjustaant.  Tha  varlabla  capacitor  la  shunted 
with  a  fixed  cujecltor  to  provide  vernier  viminp 
control  aod  terpersturs  conpvDfStlon.  Tbe  fixed 
capecltor  la  ehoecn  to  bxve  a  ebanpe  of  capaol. 
tanee  with  teoperaturs  equal  a^  oppotlta  to  Uat 
of  tka  varlabla  capacitor.  By  revereiop  tke  leads 


npurs  2.  Loop  Antsma  Radiation  Battems 
of  fbae  flpaos  and  Roekat  Nowted  Loops 


t*  tttr  mwf^llna  traaafonMr  m>  tlw 
o*U«  (A  ■od  ^  ruan  6)  Vtt  mUaUM  plMM  mb 
ta  cMapid  100*.  m*  la  Aom  «ten  oalj^  •  t«B 
loop  Binragr  to  provldo  tfeo  ra^olnd  l&P  phMO 
dlftarMM  tetwoM  thM  9n  MMrtal  eaklo  eoB> 
nsoljr  bmA  iM  Tafloii  tnoalotlM  sal  B  oallA  eo|p> 
par  OBtBT  ataMvk  to  ponlt  optroilon  ot  Mph  tM^ 
pantMoa  aad  for  pbTataal  rlfpUAi^.  Vttr  «>• 
tTMiV  UAk  to^eratura  opaxotteo,  a  uoaBi-nlallp 
aiallablt  coartal  oafela  vlth  MpaalM  OBlda  dl*- 
laotila  laanlatiOD  eaa  to  aaad. 

Ab  naaaifily  drawlap  of  tto  aoUaA  yitonAlaa 
Bknid  aataom  la  atown  la  flcora  7*  A  aattot  ot 
anlflad  eoutrurtlcm  la  oaaA  to  facLUtota  piato 
ttip  proAnotlca.  Tto  ovtar  atoll  la  fonad  of 
arrtral  lairara  of  Bo.  112  waara  ntorglaa  alotfe 
ijiQiaeaatad  wltA  91  U  ptoaolto  raala.  (91  U> 

Mala  la  a  jarodoet  of  tto  ClnclsDatl  Taatlcf 
latoKLtorlaa,  }16  H.  fowtA  Straet,  Claolnratl, 


Chla).  So  ftoB  tto  atoaod,  tto  flrat  lagwr  af 
pjpaxujaa  cloth  la  placad  Alraotlj  ob  tto  tottM 
PBlf  af  tto  aelA.  A  ooppar  foil  nor^aotar  la 
-OT'««»a  aaxt  aad  ttoa  addltleead.  lajB*a  of  fltiao 
glaa  alath  aru  plaead  oaar  tto  fall  ooDSaatoi 
—aft  tto  raqnlxaA  thl^Baaa  la  dbtalaaA.  na 
tap  half  of  tto  boIA  la  plaoad  la  poaltlaB  aod  tto 
OBtlra  aiaaii*ily  la  atojaotad  to  hl^  pracaara  aad 
aaqparatara  antU  tto  raala  la  aurad.  Bia  9il  li> 
■Bola  la  a  ptoaolie  raala  that  toa  aatp  kllh  toert 
ttaa  ta^aimttcra  raalataot  pnpartlaa.  Tto  aada 
af  tto  Blaratil  aataaaa  ara  aada  thlotor  tlaa  tto 
aldaa  f«*  loeraaaad  taavaratura  raalatanoa.  Thtjr 
will  rlthatand  l)OcPr  tar  about  19  aaeonda. 
ftrntoa  racorarad  froa  Ca,Ha  fUdhta  abnwai  oBlp 
avfhea  dlacoloaratloa  with  aa  aurfato  dOMda  fMa 
tto  toot.  WaaaiirarBnta  aada  la  fUfht  atow  ta^ 
pai'Btaiaa  ta  lfi00*f  oo  tto  aurfaoa  of  tto  laa^ 
lad  adfa  of  tto  Shroud  aad  la  tto  Mtsh* 

lag  aartlM  Tto  Shroud  nbarslaa  tall  la  ala# 


•  ••••• 

fltvao  J.  A>q41tuta  tottana  af  Loop  AataaBO  aa  darOtoa  Nlaalla—9T  Na. 


flgnit  1.  Ftoaa  and  Asplltida  rattama  of 
loop  AatoooB  on  Aarotoa  Mlatlla— 71  No. 


flipvt  9.  ftoaa  and  Aj^ttuda  fattana  of 
loop  Aotaoia  oo  Aarotoa  KlBaUa~~7h  Ha. 
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Ttg\jr«  6, 


Clx«ult  iHasrtm  at 


J,  AimbUjt 


W4*  tkUMar  kt  tka  aaUaak  M  M  yrvrli*  Uar* 
aa  1t***^**"  for  tlw  t«Blai  —fill  tor.  9i* 
■rtiMM  esi«iia*Bt«  at  tka  on  aavlataijr 
aai1in»<  to  •  rtbarglM  Vlaak  aad  t  illlaaBa  tarn- 
yatol,  BC-*,  U  raraa4  U  to  flU  tki  foUa  Tar 
aalwn»  toaHwa  praUetlaa. 


imii  AnDDUL  mmujncm  tmannmgt 

A  gtoouA  ataaaa  laataUattsa  oa  a 

Cajto  roctot  Is  skMB  la  ttfmo  T)>a  sAAl* 
tlstol  tti«»s  bttMwa  tlM  mA  aUa«s  faU  tto 
aatso*  tlAktljr  to  tka  roskat  ta  frsvaat 
vlkiatlaa  diarlto  fllAkt-  na  blocks  la 

ficat  or  tka  aataaaaa  sarva  aa  eoastalaat  Alaeea- 
aaat  ^vatlcea  batnaan  tka  nnaalil  cabla  frca  tka 
aataaca  aal  Iks  iDstnawnt  eoagartasat.  najr 
alto  pronrlAa  toaa  protaeUaa  tor  Ua  laadlof 
ad^i  of  tto  lataDoa  bj  craatlaA  a  stock  van  (at¬ 
tars  Vklek  dlnrti  acM  of  tka  hlak  nloelV  air 
aav  toom  tka  sataaoa. 


aqaal  ta  aaaaltiirts  aaA  asfoalts  ta  |toaa.  lUa 
Mar  rialA  MOaurMaat  tau  jaevaa  to  ba  a  raUa- 
Ua  aatksA  ot  lasvrtag  tto  ktopar  far  rial*  rtola- 
tlos  sattora.  It  haa  tka  ooij  ptoattaal  a*»aa 
tato  or  paraltUto  aataaoa  adjoataaata  vltkU  tto 
alaaa  paoala&lr  af  tka  ■ratal  aa*  larpa  aataUla 
aklaata.  flpaclal  aatoklag  aal  ptoataa  toot 
atuttoaat  ban  toss  daaalcpa*  for  toroa*  aotoaaa 
ttolB*.  n*w*  9  atova  tto  tost  satsv  ao* 
aatoaaa  toat  unljaaart- 

All  aataaaaa  ara  a*jaata*  aa  lnsMlIllai 

•utaaeaa  uala*  a  dtractlssad  twylar  fto  TBA 
laAtcatloe  ao*  a  low  power  tost  slMal  aouaa  oT 
about  1  watt  power  lanl.  Rafaraaos  T  gltos 
adAitioaal  Aatalla  aa  tto  teat  a«iitM*at  aa*  tto 
«—><"*  prats* uraa. 

no  taatallaitOB  of  SkrouA  aatouM  aa  a 
llpaarobaa  reckat  la  akowa  la  Ptfuia  10<  tto 
aatooBaa  la  tkla  eaaa  war*  aaiBto*  fwtto  aloas 


Pl*«r*  0.  tkxoud  Aotonoa 

tto  llxroula  ar*  couasetot  la  patra^  llSM- 
trleallp  oppoaa*,  ato  fa*  vtth  atval  Istotk 
ooailal  Hut  vklck  ara  pa^^Urla*  la  tto  latU-a- 
atat  ooapartatot.  Tto  ratultaot  paiallal  ti^al- 
aoot  of  tto  two  JO  oLa  astoatoa  (2J  otoa)  It 
timoaforwal  v(p  to  JO  oboa  vltk  aa  If  antcblto 
attwurk.  la  practlo*  tto  V^il  aaa  to  aAJuato*  to 
tottor  tkaa  X.Zil. 

Tto  ptooalur*  for  aatcUoa  sol  pkattn*  It  to 
aljuat  sack  aotooaa  tallvttuallr  for  tto  lowatt 
Vltn  (vtoB  fad  aaparatolr  ttoip  ara  not  latlfoa* 
to  to  axaetljr  JO  otoa  becaao*  vf  tto  nl  limnnt 
aada  for  autual  ccupHo*).  TM  aataaaaa  art  ttoa 
fsd  aa  a  pulr  ao*  rcadjosta*  ta  oca^naata  for 
tto  affoct*  of  autual  eouplUtc.  Tto  floal  Uailaf 
grooeditr*  eonaltto  of  oaklo*  aljuitaantt  of  tto 
rarlabto  capacitor*  oa  tack  aoteoai  uottl  a  low 
VWR  It  obtalaad  eolocllaat  vltk  a  idO^  ptoaa 
llffsranoa  totvacn  ttoa.  A  eoarsa  adjaatauit  at 
tka  ttoln*  capswltor  la  lafflelrot  to  brlof  sack 
loop  Into  raaoaaooo  aa*  giro  a  Im  VSWn,  tkaa 
furttor  flat  adjuattoot  it  posalUa  to  gtl  tto 
proper  pbaaa  without  locreaato*  tto  VCMI  apprt- 
olablp.  Tto  ptoaa  dlffsrsDe*  totwaco  tto  aat*i>> 
aaa  it  Matured  bp  placlrg  a  flald  atrtngtk  Indi¬ 
cator  at  aa  aqiml  dlataaca  froa  etch  sotaana  aad 
about  0  lactoa  froa  tto  titrfaca  of  tho  roctot 
bodp.  Tto  rial*  atraastk  at  this  point  vHl  ba 
tire  vtoa  tto  rad.taUoo  frot  sack  aotaaoa  Is 


ITgura  9.  Mateklnp  aal  naala*  BoV-9 


51^ 


to  to*  tovmA  to«tlo*  «t  tki  x«atot  aoua* 

•Ua  to*  to  t*  toiTMly  ifnmi  w«aA  tka  niatot 
to^  to  nt  aloiw  «ltt'  to  oakla  itarauto  Ito 
itoltolto  latton  m*  tovatoBM  et  tto  aBtoH* 
^itoa  to>  mo*  totoXtokJ/  afftotot  Igr  tkU 


&t  ItotaUaUaa  of  ftooto  oatontoo  to  aa 
toMto»>ai  ro^t  la  aton  la  Ficon  11.  Ma 
flCtoo  lUaatiatot  tto  rwy  anil  alM  of  tto 
■am  totonoa  nUUn  to  tto  toMtoa  raatot 
41aaaalaaa  aat  oabla  atnrooAa.  Tto  akroada  akM 
la  FS^n  U  art  aa  oarljr  taraloe  wltk  a  trlaa> 
Cdar  araaa  aaoUrn  and  a  atalalaii  ataal  oatar 
atoU. 


no  aolckt  of  a  ooBFlata  SktouA  utanaa 
laotaUatloo,  otr^a  aod  eoaxlal.  eaSkla 

U  a  tool  J  potsida.  Ita  tI»«  Frotrualoa  frto 
tto  ractot  bodf  la  1  1^2  laotoa. 

ruon  mraMua 

Tto  ShrOMd  roctot  aatanaa  ayatto  toa  prom 
uaiakit  of  prondlJBC  axoallaat  eoettoaoua  tigtola 
of  flaa  fuaUV/  at  tto  frouad  atatloaa.  dp  aatag 
dnalarlp  polartxad  raealvtog  aatanoaa,  eo»> 
platalp  coDtlnBua,  hlch  alcnal*lo-09laa.  tala* 
aatortoc  aid  DCVAF  racorda  vora  eaulataotlp 
ahnalatd  froa  t  traaaposdar  vltk  1  X/k  totta 
aavBSa  pouar  output  at  altltudaa  up  to  lya  oUaa. 

Tto  TWX  of  tto  Bkraal  traaaalttlaa  aotaaoa 
tpotoo  kaa  kaaa  aaaaurat  diB-lto  fUckt  tgr  tala* 


_  tto  oatpgt  of  a  dliaatlotol  < 
laatallod  la  tto  tniMadttlto^ 
tto  talitotoTad.  data  kaa  ttoaa  aa 
VSm  dv  r«  aoaa  of  tto  fllckta  la  tto  fltoX  ] 
af  wtMimm  aotar  tknat,  paokaUp  daa  to  ttoai 
offaeta  fm  tto  aandpaaala  kaa  ting  of  tto 


nglaa  uf  VM  laanaao  la  aotad  1 
<9  aad  19  atlaa  altltnda.  TMo  la  aanad  tp 
taadaatlto  af  tto  air  la  tto  rlelatlr  of  tto 
tiamrtttlag  aataisa  gap.  Tto  faaalaad  vrato 
dtadalatoa  darUg  valtoga  ki  aaldgaa  af 
eatak-a  kp  aa  aaok  aa  12  dk  kat  a  alajam  af  9 
ateroralta  kaa  alnpa  kaaa  raealvad  dF  ^ka  , 
nealm  ukdak  la  attfnelaak  for  propor  gnnd 
atatloo  oparatloa.  Om  aatt  li^ot  pOMor  to  tto 
tiaaaatttlBi  astoaaa  naalio  la  a  gap  nltaao  af 
appradaotalp  90  volta.  Tkla  larga  gap  mtato 
f»  a  aaUral  aonaaguanaa  of  tto  aaall  alia  aad 
blgk  d  of  tto  aotanna.  Vtoa  a  ■all  antaato  lo 
daalvatd  far  afflola&t  radlatloo,  tto  gap  ooitoMa 
vlll  ka  klto*  Tto  riald  gradlaat  la  tto  rlatadlp 
of  tto  gap  la  larga  anmgk  to  oaaaa  loalaatln  af 
tto  inrtflad  air  ancouatarad  at  altltodoa  kdtoaao 
29  aad  19  Bllaa.  Coaplata  pramtloo  of  loaloa 
tloa  vltk  1  ««tt  Input  to  tto  aotaiaia  ajolao 
vould  rvguira  about  6  lactoa  of  laaulatloa  ( 
tto  gap  vhlek  would  aaka  tto  flat  plata  ana  m 
drag  aseaaalnljr  largo  for  mat  Ugk  valoel^ 
roekata. 


Tto  pattern  atopa  of  tto  two  Skroud  aataMao 
apatoa  lo  tkat  of  a  doublet  aetanaat  ttorafkra, 
Ita  patten  gala  over  laotnplo  la  1.16  dk*  Tto 


Figure  10.  Skrool  totasoae  oa  gpaarokaa 


4ik'. 


m 


•  :^T 


radittlbo  •fflolaiMy  ■!  JB  ■■<  76  fea  feaa  W«a 
BMiurad  kj  ecBparlaaB  vltk  •  Iwlf  — tw  Clpola. 

At  76  Mo,  tb*  nUo  of  UfolM  ta  tciaA  raAlaUaa 
la  appraxlaatalT  2  ta  1  la  aoltaia,  (6  «b)  vUefe 
eoiraapoada  ta  A  db  baloa  aa  laatr^H*  aataoaa. 

At  ja  Me,  tba  latla  at  Alfala  ta  Ikraul  radlatlaa 
la  afpraxlaataljr  ta  1  la  i«lta^,  (1)  <b) 
which  oorraapooda  ta  Ji3  dh  h>l«w»  aa  laatropla 
astanaa.  Sloea  U»  tiam  tiaaaiaraa  farajaotioa 
la  oDljr  1.)  laehaa  from  the  » achat  bedr  (  1/200 
at  )6  Me)  oo  a  rachat  or  ealjr  ala  laehaa  la  dla- 
aatar  {  l/jO  at  iO  Me),  tha  aboaa  afflalaaataa 
ara  fhr  aioarlor  ta  a  dlpoda  of  alallar  dlsaMlooa. 

Coatlnuoua  aUaahtt  raeaatu  hawa  haaa 

aada  at  tba  croond  racaialag  altea  for  A7  of  tha 
roelata  canylsf  tha  Shroad  aataana.  Tha  avaiaca 
aalva  of  raoalred  at^akl  ta  la  wary  aood  a^raaaaat 
with  tha  calculated  waloe  ualas  the  ahota  afft* 
olancy  waluaa. 


dtaala,  au,  Thehnloal  Kayort  h,  PTO>et  BjB, 
datad  19  Jaayair  199T< 

"patten  Charaetarlatlea  of  SOVAF  Wlaatla 
Aataniaa*,  by  C.  V.  Staela  and  T.  Morlta,  BMZ, 
Thehnleal  Raport  9,  Projaet  696,  datad  Aupwt  199T« 

6.  ‘Datanliialloa  of  Fhaaa  Castara  aad  d» 
f  1 1 Chuactarlstlea  of  Radlatlnc  Qyataad*,  hr 
Tatau  Morlta,  8RI,  riMl  Baport,  Pro>et  096  •  A 
Rtaaiy  of  Baporta  laauad  co  tta*  Frocraa,  datad 
July  1997- 

7.  ‘tsatallatloa  and  Adjuataaat  of  Bhreud 
Type  DUMB  Antaaaaa  on  Cajim  Boekata*,  by  Spanea 
T.  Marka  and  Bany  Horgao,  BBL  Tacbnlcal  Beta  Ba. 
1270,  datad  Joly  1999« 


coacuaaai 

Ttaa  Shroud  artteooa  daacrlbad  aaa  ba  eoo« 
wanlCDtljr  Inatalled  on  roehata  at  aarlad  etiaflg«a> 
ratloaa  and  eo£  dealgnad  for  opacatloa 

at  aiqr  fn.queoey  la  tha  VWF  raaga.  Baatga  ert* 
taria  ara  alaply  that  tha  ahroad  laagth  ba  of  tha 
order  of  ooa-quarter  waTalaagth  far  aarlieia 
afflelaocy.  Tha  radtatloa  patten  la  ladapasdaat 
of  rochet  length  and  baa  baoa  aatlafbetory  with 
rockat  dlaaatera  >9  to  ten  lalf  aawalcegth.  The 
baalc  phyeloal  loop  cooflgaratloa  laeda  Itaalf 
to  a  roggad,  atabla  necbanlcal  daelga  to  with* 
ataad  tha  carlraoneBt  of  high  velocity  rockata* 


ACCTOwmawag 

The  orlglnl  dealgn  ooueapt  and  ndbaa^uant 
practical  deTelopaent  of  tha  Sbroad-loep  aotaoaa 
ayatea  la  a  reault  of  tha  effaak  of  the  nnbart 
of  the  Radlatloo  Bactloo  at  the  Balllatla 
Reaaarch  Laboratorlat.  Boteworthr  oooUlVutlooa 
vara  aada  by  Mr.  Cecil  L.  Vileoa  aad  Hr.  Kaeoath 
A.  Mehar.  Mr.  Barry  Morgaa,  a  Tactnlaal  Rapra* 
acotatlve  of  the  Fhllco  Corporatloa,  alao  aada 
■toy  raluabla  cootrlbatlooa  io  tha  daalga  aod 
laatallatloo  technlguea  of  tha  BhreaA  aatasaa 
while  working  at  tha  BalUatle  Baraarch  Lahon* 
torlea  aad  at  tha  Ftw-t  Churchill  Btt  Bochat  Raoga. 


P  • 


1.  *D0VAy  Aotemna  for  yra-ior*,  by  Xauoath 
A.  Richer,  BRL  MenoraodaB  Baport  Ba.  1067,  datad 
July  1997. 


2.  'Balllatle  iBatruaaatatlaa  and  BMary  of 
lflitr\auatatloo  Raeulta  for  tha  101  Bochat  Projaet 
at  fort  Churchill",  by  B.  W.  Taa  iiaata,  ML  Baport 
Bo.  1091,  dated  Jamniy  i960. 

9.  "Detarxlootltn  at  Pbnaa  Caotera  and  An* 
pUtude  Characterlatlee  at  Badlatlng  Blnaoturaa*, 
by  Tetau  Morlta,  CRI,  Twrhtilral  Bapoet  1,  Project 
e^,  datad  March  1999* 


A.  "DOVAP  Antasin  Baeo 
InternatloDal  Oaopb/alcal  Ta 


mCatInae  for  the 
fi'Ogrnf ,  tj  C.  H. 


mleo  Wiaf  D«*«Iaf*tat  litevatMy 
rd*  Alt*.  Calltont* 


uniowBuai 

Iha  «1  — t  rrt  aMU  b7  lAleb  ran(«  MaMn* 
■Mat*  ara  t^aa  an  nil  kaowa  la  tha  llalA  mt 
radar;  brlafly.  a  prapaaatad  pulaa  la  traaaadctad 
to  ao  ebjact  aid  back  Co  Ita  aeurca  to  aaaana 
tbi  claa  lataraal. 


lha  ayaca  age  baa  brought  about  a  daaMd  Car 
atora  atrltya*  tacbaalogleal  raqulrauaBCa  Car 
Tanga  aad  tracblag  ayateaa.  A  new  ayataa  of 
aaaaurtaaat  baa  baaa  daualopad  to  aaet  eba  inan^a 
of  aeeorataljf  gaaltloolng  a  vahtcla  la  apaea  at 
rangaa  graatar  Cbaa  lOOO  aouclcal  allaa.  Ilda 
ayatia  la  baaod  aa  tha  fact  that  raega  can  raadllf 
ba  coi^Cad  If  tha  dlatooco  can  ba  aMaaurad  aa  a 
fuoctlaa  of  riaa 

Tba  raaga  arataa  to  ba  dlacuaaad  la  a 

eoatlaaoaa  aava  afatn  with  no  ralatloo  Co  hagglar- 
typo  raaga  daolaaa.  Iba  diacuaaloD  will  ba  coa- 
caraod  ultb  a  caadauoua  wave  range  ajrataa 
daalgoad.  {dbrlcatad  aad  cattad  for  a  aaalaaB 
range  of  hXM  Baaclcal  allaa  aad  aa  accuracy  of 
0,01  oautlcal  ^taa.  Bowavai,  ehaaa  (Iguraa  Aa 
not  rapraaoat  tha  aaalaua  llalca  lo  range  or 
accuracy  that  caa  ba  obtalaad  by  cbla  ayatnu 


flgara  I  afll  aarra  to  lUuatrata  tha 
fotl«<lag  aaalyala; 


cobaraaea  aad  ayacbrualaa  bhlch  ndataTa  aha 
rnaaaid  cranaalttor.  Iba  r-C  «a**  la  CaaB 
trmraaa  tba  rouad  trip  dlaeanca  ca  the  oahfola. 
Iho  racoluod  r-f  algial  la  ybaao-aoepwad  bo  tha 
algoal  BOdulatloa  balag  traaaalttad*  and  aha 
raaultaat  laforaatloa  la  tba  alaat  raaga.  Tha 
Inforaatloa  la  acnaajlatad  la  blaaay  aad  darladl 
fora  for  aaalytlcal  aad  vlaad  aaa. 

MUCUC  STSTW  AlWTtll 

A  datallad  daocrlptloa  of  tha  raaglag 
ajataa.  Including  block  dlagma  aad  a  aaaaaay 
of  ayataa  paraaatara.  to  praaaatad  la  tha 
following  dlacuaalea. 

A  practical  coatlnooua  uava  raaga  ay  of 
Buat  bava  aavatal  aub-carrlar  raaglag  tnaa. 

Tka  lowaat  fra<)ucocy  aalacCad  aaat  aatla^y  tha 
ragutraaaata  for  tba  aarlaM  raaga  to  ihdah 
the  aqulpaant  auat  oparata.  Iba  blgbaat  taaa 
auir  ba  aclactad  to  aatlofy  tba  acaoracy  |-g-T~* 
on  tha  tyetao.  Tba  two  Intaraadlaca  frageani  1  ii, 
tagatbar  with  tba  Icvatt  fraguaocy,  era  aaad  ta 
raaolva  tba  uaaablgaoot  range  aaaaunaaat. 


AWi  iffAsquxort  Bmfwm 

A  block  dtograa  of  tbo  raaglag  ogrigaaag 
to  glwoo  ta  figure  *. 

Tba  raaga  Coaaa  are  derived  fran  a  taivara* 

tura  controlled  cryotol  eoclllator.  For  a  raaga 
of  graator  ebaa  XlOO  aaotlcal  allaa  md  n 
'cttracy  of  0.0 J  nautical  alloo,  tba  atehtltty  ^ 
tbo  ooctltotor  auat  ba  batter  tlaa  T  parte  la  10^ 
Tka  Intaracdlaca  fragaaoclaa  and  lor  frige  any 
renge  deteralalng  toeae  are  darlvod  fres  a 
eysebroaoue  fraguancy  dlvldar.  Iba  atahdllty  af 
tbaao  tonae  will  bava  tha  eiaa  atdblltty  an  cha 
cryacal  oietllocor.  Tba  ranging  toaaa  aro  aaa* 
ebrougb  phaea  enbertot  circulta  uhleb  flltnr 
aod  pbaai  lock  ebaa  to  eba  dfolrad  ai^a.  Tba 
tonaa  are  tbca  ant  to  s  praclaloa  pbloo  taagoa* 
aator  which  coagaoeotao  for  ebo  tlao  doleg  ta 
tba  mga  loop.  Tba  ccapaai'otad  toaaa,  fa  pbaaa 
lock,  ara  aodulatod  aa  a  aub-cirrlar  md  Cad  ta 
cha  Bultlplaear  nd  o^and  traaaalttar. 


Figure  I 

Tba  eye  tea  ta  ooigrlaad  of  a  grouod  boaad 
tranaaltcar,  rocotvar,  artd  airborne  Craaaeatvnr, 
all  cf  uklch  era  Boraally  nectiiary  for  other 
weapon  oyotaa  foactloao,  voteo  chatuiol,  Colrvlaloa 
and  tcleaacry.  Tha  additlooal  agnlpaent  aaodod  la 
tba  raaga  rgalyear. 

Tba  eyaCoB  la  Isatruacntad  around  tba  raaga 
aqotpewat  wbicb  aaaaarce  tha  tound  crip  Craaalt 
rlaa  of  a  radar  fratatney  tlgnal  froa  tha  geiaal 
tracking  atatloa  ta  tha  airborne  cranecalnx. 

Tbla  la  aceoapllabad  by  ganaciclng  four  lew 
frequency  crystal  cootrollad  fcaquanclaa  la  yhaaa 


Tba  raaglng  taoto,  baforo  eeiddlatlaa.  era 
oast  to  OB  aeblgulty  raoolvar  tAlcb  aolacta  tha 
prepar  cycla  of  tha  blgbasc  caaa  eo  «atai«a»  gba 

Tonga  aanauriaont. 

Tho  aodulatod  r-f  algnal  lo  traoiaAttod  ta 
cbc  vablclo  recolvor  aad  boeb  to  tha  pnead 
ecetloo.  Aftar  traveritag  tbelr  rnial  trip,  tha 
elgnal  le  dtaoduloted  aod  ftltarod  to  oatraet  tba 
renglog  tcuee,  Tbo  del^red  tones  aro  thn  seat 
to  o  sleMlir  aeblgulty  retolvcr  OhAch  oalocts,  by 
cooporlng  the  pbaaa  nf  tba  Intaraedloto  aad  low 
friquucy  tone,  the  prapar  high  freqneacy  portod 
to  termlnaca  tbo  raega  latarval.  lit  latarval 
la  converted  to  a  binary  word  which  rapraaaata 
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■M.  Dm  rwt*  «ot4  t*  eomcrtat  to  toctoal 
f«to  far  altoal  itolcatloa  mi  ■■lifi  tool  tm 
ftmmtmtim  om  to  totlHaacay « 


fijLiwrnat  atLecnai 

Btrii  frtguMCT  Tgn«.  Tto  mIcccIc*  af  tto 
Mf^aat  irt^ne;  !•  baaad  aa  cka  fallawljis 
raqutTtoaata:  acurtcy  r«<ulrto«iiti  af  cto 
*7itto,  ipact  altocccd  oa  tka  t«laMta;la(  kaaa- 
baarl,  ato  ablllcy  to  aeatuct  t(M  d«lof.  to 
a«carac7  o(  0.0)  aovittcat  alltt  coa  b«  aebtaaat 
\rf  atlKCloo  o{  a  frc^u«w7  b«tv4«  2)  mi  )•  K  tf*. 
Tka  pkata  •CabtltCj  of  Cbo  (jatto  coo  dwa  ka  toU 
to  wltkla  k  dagreea  without  coaplo  drcalc 
problato.  Tko  raqulrad  talcMtry  baoOwidck  atll 
ttoola  wall  wltbta  200  K  cpa. 

lotaoiadlato  Ptaauonct  Tonti.  Ilio  aoloctloa 
of  tb«  lnt«nacdlatt  frc^aoclaa  aio  a  cooipcoatao 
botmaa  proptr  laacruacntatloa  of  tb«  upstao,  tod 
atrlntrat  phaao  Tf<pilr«aioata  vklcb  would  raalt 
la  laloctloo  of  tonaa  saperated  froa  Uio  U|^aot 
tooa  bp  ao  cxoaotlva  Interval.  A  ratio  of  10:1 
but  not  fTutcr  tbaa  1):1  la  o  practical  c  Tap  to 
aloa. 

low  Treauener  Tour.  Tba  aoloctloa  of  tto  low 
fraquenep  tone  la  foverard  bp  tba  aavlato  rea^ 
daolrcd  frea  tba  cqulpacnt.  Tba  wava  loasth 
aalcctcd  ahall  ba  graator  than  tba  roato 

to  bo  BoatuTcd,  aa  abowa  below. 

bn  2  la  a  « 

atoffo  b  n  wave  length  of  lowaot  froqn<a>c7 

la  ••  aaxlaw  atatfoa  to  aohlclo 
dlotaaco 

9  a  tbo  ttoo  rcqalrod  foe  tto  roito 
cqulpoent  to  coaputo  tod  raadaat 
tto  roaoa  aaord 


TDOOG  CaigtoTOt 

Tbo  ranging  tooaa  aist  aotlafp  tbo  follawtno 
raqulrioent  la  ordar  to  obtain  a  high  accsiacj 

apatto: 

1)  Itabllltp  of  }  porta  la  10*  tor  ttooaa 
of  3000  to  1000  nooUtal  lallag. 

2)  StabtUtlaa  of  1  port  la  10*  for  raaooo 
of  6000  nauttcol  alloo  to  9000  owtlcal 
otlaa. 

3}  Itabllltloa  of  9  porta  la  10^  for  rtogoo 
of  9000  aauClcal  atloa  to  12000  ototlcal 

allot. 

6}  Pbatt’ coberaaco  of  friquaaMtoa. 

})  Spnchronlta  of  froqoaocloo. 

Tbo  attbllltp  of  tho  toooo  ora  dapoadaat  oa 
the  crpatal  controlled  oaclllatar.  >p  tbo  uto 
of  a  apnehroDoua  fraqocatep  dlvldor  to  gaearata 
tba  lotaraedlata  and  low  ftaipaancy  tooaa, 
Idantlcal  tcabllltp  of  all  tto  tonta  la  aBaiirsd. 
That#  cobcrcnca  of  the  tooaa  aro  alto  tttliflad 
bp  tbla  aethod. 

Spncbrontiotloa  of  tto  toooo  will  ploco  tto 
raego  Infonoatloa  oa  o  real-tlM  oxla.  I^p 
initiating  each  Tonga  aoiauToaiit  with  o  opoc 
puloo  vblck  la  eowparod  to  grouad  ttoo  tad 
adding  tba  retul tint  roaca  Intarval  to  tblo, 
tba  oxoci  tlaa  of  ocquloltloa  cto  ba  dataralnod. 
Tba  rang#  word  auppltod  to  the  eoaputor  will 
tbaa  ba  oa  o  rcol'tloo  aaia. 


AIM.WU  ftr  nwt  owM 

ITm  rtw««  crma  «At<k  coatrUwt*  t»  tka  mimt 
all  uenxatf  of  tha  ayatM  ato  cata|ertaa<  kolav: 

1)  Sl|aal-ta-a«la4  ratta 

2)  Dopflor  trifoiacy  aklft 
i)  CallVraUoa  omc 

4)  Chaa(«(  la  profagattoa  Mloclly 

))  taniloa  pkaia  ahttta 

A  tkerouth  aad  coo^loto  malyd*  of  tha  Aaoa 
ai«i>  vlll  DOC  b*  attaaaccA  la  thlo  pspor:  kawaoar, 
cho  ptcclncnc  potato  will  ba  41(cuaaaA< 

SICMAL-TO-MOISK  PkASI  EttOt 

rho  phoic  error  (Afn)  duo  to  a  flalta 
alsDil-to*DOlia  ratio  eoa  ba  coplalaad  bp  tbo 
foUowloa  a:q>raootoai 


uhera  Af,  -  taa  pbaaa  arror  la  radloao 


S/I  ••  Duoarlc  ru  pauar  ratio 

popaa  moTincT  smrr  e»i»oa 

Ibt  exprtaaloa  for  dopplar  pbaaa  arror  for 
^a  circular  orbit  la  aa  followa; 

Af  -1^  V  coa  f 

•Atra  .,^a_  •  f  ra^oaoep 

la  -  raapa 

V  coa  p  -  rallal  waloclip 

C  •  propatatloa  valocttp 

CHABOtS  IW  PPOPACATIOII  YELDCITT 

Tha  path  of  propafactoa  la  tocraaaad  mi  tka 
Talocltp  of  propaxatloo  decraaaad  la  tr  arklat  aa 
orblcloi  vebtcla.  Tba  appareat  Incraata  la  potk 
lonjCb  la  a  funcCloa  of  tba  ccrrla.r  froquaaep. 

Tba  3000  nauclcal  alia  apaten,  dlacuaaad  ukaa 
operactnt  with  a  earrlar  fra^aoep  of  I.J  lat 
Co  7.)  Kne,  will  realtaa  ao  Inheraot  path  ckaa^a 
of  cpproxlDatalp  10  to  23  aaCara. 

CAlIRinOH  ftllSt  OJIPtt 

Tha  phaia  arror  ccntrlbutod  to  eallbrattaa 
of  tha  ranta  a^lpaaot  la  dlractlp  ralatad  ta 


tka  raoolatloa  of  tba  a^lpiaaae  or.d  tko  accarapp 
af  tka  practaloa  pbaaa  eoapaaaatora.  Moxlpaa 
TMfaa  af  graatar  than  3000  nautical  allaa  on 
pra^callbratal  ta  witbla  10  aotara.  Vbora 
oppltcakta.  tka  oaa  of  ht|k  raaolutlen  rarhafgaaa 
will  radoca  tkla  flgara  ta  1>S  aacaro, 

^.tpaawro^ 

Iba  calibration  of  tka  riasa  loop  la 
accaapllahad  bp  uaa  of  a  •round*baaad  anktclo 
alaulatar.  Iba  raaglat  toaaa  ora  operating  on 
and  fad  ta  tba  ta»anl  traaaaltccr  for  traaaataataa 
to  tka  voklcla  alaulator.  Altar  cooplatiag  tka 
loop  throngk  tba  talaaacrp  raeatvar,  tka  apataa 
ttaa  dalop  la  road  la  tha  ranga  agulpaant.  Ika 
praclalon  pbaat  coapanaatora  ora  than  adjaatad 
to  iadlcata  aaro  ranga  In  digital  form,  tba 
pra^allbratad  tlaa  dalap  through  tha  coaalal 
llaca  CO  tka  vahlcla  alaulator  la  than  oddad  ta 
tba  aara  IruUcatlon  to  glva  tr«a  aaro  tango. 

tba  calibration  noda  la  ralap  controllad 
mi  la  coa^laCsd  la  aavaral  nlnutaa.  Tba 
calibration  noda  la  alao  uaad  If  aop  braabdowa 
la  aoopactad  bafora  a  vthlcla  data  paia.  tbla 
eo^laa  thorough  and  coaplata  cbackout  of 
a^lpnont  bafora  Ita  uaa. 

lOPUfflOW 

tha  accuracy  of  tha  ranga  naaturanant  nodar 
Ideal  condldona  la  appruxlnatalp  20  oaCara.  Thla 
Ik  datamlncd  bp  prcctalon  In  which  tba  ranga 
InCrrwal  can  be  raaolvad  aaaunlng  tha  hb««a  can* 
trtbuting  arrora  era  ntgllglbla.  With  ranga 
naaaurananta  graatar  than  200  nautical  nllaa, 

20  aatcr  raaolutlon  it  nort  than  adanuaca  fee 
accuraelaa  of  0.03  nautical  allea.  lowaoar.  ta 
apeelnl  applications  whara  aborcar  Tangos  ara 
ragulrad,  a  rtaolucloa  of  1.3  natara  eoa  ba 
obulnad.  TUt  la  acco^pllabad  bp  apaclallaad 
pbaaa-lock  digital  tachnlquaa  Incorporstod  ta 
tha  egutpoMat  for  high  raaolutlon.  tba  additional 
circultrp  rcgolrsd  to  obtain  this  Incraaasd 
raaolutlon  la  anall  in  conparlaon  to  tha  praaant 
ranga  agulpoanc.  Tba  block  dtagroa  la  Vtgura  J 
aarwaa  to  llluatroto  tha  techniqua  laeorpocratod 
for  a  klgk  raaolutlon  apataa. 
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cuuuffiasfli 

tM*  ot  •f»c€lally  ^aaipi«4  o«rTOv-V«ii 
ft1(«ra  for  oxtroctlng  tba  mglog  Loaaa  ta4ttc«a 
tba  ftola*  b«»dwidch  of  tba  ayatcai  to  lairala 
•rproochlot  that  of  a  olcro  lock  rocelvor*  Harro 
ooiaa  b^4vldth«  ttaka  poaalbla  tb«  axtaaaloa  el 
Tins*  la  tha  axlating  a7at««  to  graator  tbao 
l>,000  nantlcal  adl«a« 


tha  abova  dcacrlbad  ayatao  la  capabla  of 
•eaauriog  range  In  axcaaa  of  IS»000  nautical  ^loa 
novevi2r»  with  tha  advent  of  mooo  crblta,  the 
requlroBenca  for  accurate  ultra-range  trocktag 
aquiptfcnt  la  Incdlate.  Tha  faaaiblltty  of 
reaolving  rangea  aa  great  aa  240,000  ollaa  la 
aada  poailbta  with  a  contlnuoua  vava  range  device. 

Extending  tht  llatta  of  the  naaaur^mt  by 
tranaalffioo  of  tooca  below  aavcral  cyclea  la  not 
a  practical  aolutlon;  bovevar,  cxy.orlmenta  have 
been  cooductcxl  to  extend  the  range  of  tha  IS.OOO 
nautical  nila  ayatca.  One  aethod  that  «ey  prove 
practical  la  tha  placnnont  of  ran^^a  oarkara  oa 
tha  ranging  tofxea.  the  e\arUero  will  serve  to 
select  the  proper  quadrant  In  which  tha  vehicle 
Ll  traveling  tihlch  In  this  caae  la  reprcaantad 
by  •  oector  of  ran-e  lS,rC0  nautical  nllca  In 
length.  The  addition  of  range  oarkcra  will  not 
Increaaa  the  bandwidth  rcqulruaeotc  of  tha 
ayatea.  The  accuracy  of  tha  ayaten  Wkll,  however, 
be  relaxed  to  coonansata  for  the  greater  effeeta 
dua  to  the  previously  nantloned  errors. 


1  MMild  like  to  acknowledge  tbc  contribution# 
of  the  foUowlog  people; 

L.  V,  Cartvtlgbc 
J.  Staphenaoa 
D.  Salih 
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AN  EXPERIMENTAL  ETUDY  OF  MONOPIRJE  RADAR  FOR  GROUND  CLUTTER  DISCRIMINATION 
By:  Shunnaa  T.  Chang  and  VIneant  StabilUo,  Fir*  Control  Dtv..  Franklord  Araooal 


L  INTRODUCnOW 

The  objective  of  this  sttMy  U  to  experlmes- 
tally  Investigate  the  capability  of  a  phase-coinpar- 
ison  monopulse  radar  la  distinguishing  between 
ground  target  and  clatter  for  application  to  sur¬ 
face-to-surface  detection  and  ranging  of  cnllltary 
targets  In  fire  coatrol  systems. 

The  main  problem  of  surface-to-surfacera- 
dar  for  detection  and  ranging  of  military  targets 
is  the  effect  of  clutter  caused  by  natural  objects 
on  the  ground  such  as  trees  and  bushes.  The  ex¬ 
perience  of  testing  scan  modulatioo  type  radars 
such  as  T-39,  T-44  and  T-47  In  the  past  few  years 
has  unmistakablyshown  that  the  ability  of  this  type 
radar  to  discriminate  between  a  target  and  Its 
clutter  environment  is  Insufficient,  thus  making  it 
almost  impossible  lo  determine  the  range  of  a  tar¬ 
get  in  clutter  environment  under  practical  field 
conditions.  Although  a  number  of  doppler-lype 
ground  radars  such  as  PPS-4,  TPS-21  and  TP3- 
25  have  been  developed  to  detect  moving  targets, 
no  radar  is  available  today  which  can  distinguish 
between  ^stationary  targets  and  ground  clutter. 

Tim  monopulse  phase-comparloon  technique 
represents  one  approach  to  minimize  the  effects 
of  vegetaiion-type  clutter.  In  the  spring  of  1958, 
Franklord  Arsenal  Initiated  an  experimental  pro¬ 
gram  to  Investigate  the  capability  of  phase-com¬ 
parison  monopulse  radar  for  possible  clutter  dis¬ 
crimination.  A  breadboard  radar  was  built  in  the 
laboratory  and  later  evaluated  at  a  selected  site  at 
Ft.  Dlx,  New  Jersey.  The  description  of  the 
breadboard  and  some  early  data  taken  was  pre¬ 
sented  in  a  paper  at  the  1959  Army  Science  Con¬ 
ference  held  at  the  Military  Academy,  West  Point, 
New  York.  Considerably  more  data  were  taken 
during  May  through  mid- July  1959,  after  the  orig¬ 
inal  e.cpPi  Imental  equipment  had  been  somewhat 
modified.  The  results  of  the  study  have  indicated 
not  only  an  improvement  In  clutter  dlscrlrolnatiow 
in  comparison  with  T-47,  a  conical  scan  range- 
only  radar,  but  also  a  definite  pointing  character¬ 
istic  of  stronger  target  preference. 

n,  TECHNICAL  DISCUSSION 

A.  Description  of  System 

The  breadboard  equipment  used  for  the 
experimental  study  can  be  best  described  with  ref¬ 
erence  to  the  block  diagram  and  photographs  as 
shown  In  figures  1  and  2.  The  system  characler- 
istirs  are  given  in  figure  3.  The  system  consists 
ol  dual  parat'alnids  uilh  feed  centers  displaced  by 
12  3/8'  (36a)  in  Ihc  azimuth  plane  for  phase  com- 


parlMw  ■MwpwiM  opetalloii  and  dual  receivers 
to  yield  wmt  amd  difference  video  signals.  Tbs 
transnsttttaic  hors  was  used  mainly  for  Ulumlnatloa 
of  target  dsrlac  the  early  part  of  the  study  and  for 
tacllltatiag  sMsms  pattern  measurements.  Tbs 
data  to  be  presented  were  actually  taken  with  do- 
plexers  la  Ite  ayatem. 

The  target  echoes  from  the  rtcelvlng 
antennas  are  fed  into  a  magic-tee  to  produce  sum 
and  dllfereace  radio  frequency  signals.  Since  the 
feed  centers  of  the  dual  parabalolds  are  separated 
by  s  fixed  imuant  in  the  azimuth  plane,  the  signal 
voltages  at  the  teed  centers  have  the  same  inapti¬ 
tude  but  a  difleresec  la  phase  proportional  to  •  uf 
very  small  valsca,  where  *  is  the  angle  betweea 
the  dlrectloa  of  target  and  the  center  Una  of  the 
antenna  ayatem-  It  can  be  shown  that  the  naagnl- 
tude  of  saas  signal  voltage  from  the  output  of 
magic-tec  foUoars  an  even  function  of  «  and  that  of 
the  dltfereacc  signal  voltage  follows  an  odd  func¬ 
tion  of  a.  Whea  the  target  Is  on  the  center  line  of 
the  antenes  system,  the  sum  signal  voltage  reaches 
a  maximum  wbUc  the  difference  slptal  voltage  be¬ 
comes  a  atdL  By  means  of  an  electronic  switch, 
both  the  sum  aad  the  difference  video  signals  caa 
be  displayed  sliaullaneously  on  an  oscilloscope. 

Boa-car  circuits  were  used  in  the  sys¬ 
tem  to  converl  the  sum  and  difference  video  into 
box-car  so  that  the  sum-channel  box-cars  and  the 
difference  betweea  the  sum  and  dlfterence  channel 
box-cars,  obtained  from  a  summing  circuit,  could 
be  displayed  aad  photographed. 

la  addition  lo  displaced  feed-centera, 
the  two  antcnaaawere  also  adjusted  in  the  azimuth 
plane  to  yield  a  desired  operating  characteristic 
such  that: 

(1)  There  was  no  squint  In  the  elevatloa 
plane,  I.e.,  parallel  beam  axes  in  elevation  planeu 

(2)  There  was  a  squint  in  the  azimuth 
plane  that  nwa—  beam  axes  were  not  parallel  btd 
divergent  ia  this  plane.  The  amount  ol  squint  was 
adjusted  to  affect  maximum  reduction  in  secondary 
lobes  ia  the  difference  signal  pattern  in  order  to 
provide  one  mdl  or  a  mintmuna  corresponding  to 
the  sum  aigaal  astximum  when  the  antenna  beam 
was  scanned  us  azimuth  across  an  isolated  target. 

The  resulting  individual  antenna  patters 
and  the  sum  and  the  difference  signal  patterns  lor 
one-waytraumisslon  are  illustrated  in  the  photo¬ 
graphs  shossv  Figures  4  and  5,  The  sum  and  dif¬ 
ference  signal  pslternswith  duplexer  in  the  system 
Is  showu  Is  n^sre  5.  The  individual  patterns  were 


takra  in  two  sejMrate  ocauia  with  ike  two  aotcnau 
aliernateljr  blocked  owL 

It  should  be  noted  la  the  above  ficareo 
that  the  peak  of  the  svua  aignal  and  ths  ni^  of  the 
difference  signal  appears  in  line  with  the  cross¬ 
over  points  of  the  two  Individual  paiteraa.  As  a 
result  of  s<)ulnttng  the  antennas,  there  was  a  sep¬ 
aration  of  22  mils  between  the  two  individaal  pat- 
tema. 

B.  Presentation  of  Experimental  Results 

During  a  three  months  period,  partly  is 
late  winter  and  partly  in  early  summer  of  I9S9, 
experimental  data  were  taken  at  Ft.  Dix,  New  Jer¬ 
sey.  The  test  area  at  Ft.  Dix.  selected  for  the 
experimental  invest igallor..  was  relatively  flat 
terrain.  Bordering  on  one  end  of  ihe  area  at  a 
distance  of  about  900  yards  from  (he  radar  site 
were  pine  trees,  bushes,  weeds  and  grass  as 
shown  in  figures  7  and  8.  At  rloser  range  from 
the  radar  site  up  to  about  800  yards,  the  terrain 
had  sparsely  scailered  bushes  and  weeds.  A  1  1/2 
Ion  Army  (ruck  was  employed  to  house  (be  radar 
equipment,  corner  reflectors  were  usedas  targets 
as  well  as  for  setting  up  reference  levels.  The 
only  vehicle-lype  target  employed  in  this  eiqperl- 
ment  was  a  commercial  station  wagon.  For  ref¬ 
erence  and  comparison,  a  T-47  conicat  seas  radar 
was  utliieed  at  the  same  site. 

For  (he  convenience  of  classifiratioo. 
the  data  are  divided  into  two  categories,  namely, 
(1)  data  Indicating  clutter-discriminating  charac¬ 
teristics  and  (2)  data  indicating  target -pointing 
characteristics.  They  are  .shown  separately  as 
follows: 

(1)  DaU  Indicating  duller  Discrliat- 
naling  Characteristics 

Dox-rar  signals  for  vegetation  type 
clutter  both  from  Ihe  output  of  summing  circuit 
and  from  that  of  sum-channel  box-car  circuit  are 
shown  in  figure  9.  It  appears  (hat  (he  magnitude 
of  the  box-cars  from  (he  sura-rhannel  remained 
positive  and  practically  constant  while  (hat  from 
the  summing  circuit  showed  bolhpusitive  and  neg¬ 
ative  values  and  the  averaged  value  is  rather  small 
but  positive.  This  phenomena  probably  results 
from  Ihe  change  in  pliase  relationship  between  the 
signals  at  (he  antenna  sensing  points  on  account  of 
the  fluctuations  of  the  random  scaticrers  which 
make  up  Ihe  clutter.  If  a  corner  renoclor  wrere 
employed  ac  a  target.  Ihe  two  box-car  signals 
corresponding  to  Ihe  above  figures  would  be  prac¬ 
tically  Identical  because  the  null  in  the  difference 
signal  for  on-axis  target  would  not  cause  any  cas- 
celtaliun  io  affect  the  sum-chaiind  hox-cars. 


Another  set  of  results  Indlcstinf 
clutter  discriminating  chsrscleriatics  la  the  si- 
multaneous  display  of  the  sum  anddlffereoca  vldso 
signals  as  shown  In  figures  10,  11  and  12.  A-dls- 
plays  by  using  T'47  reference  radar  are  shown  la 
the  upper  parts  of  these  figures.  The  clutter  area 
is  which  the  corner  reflector  was  located  has  beea 
shown  previously  In  figures  7  and  8.  The  whita 
rectangular  object  visible  in  these  figures  marked 
the  location  of  the  reflector.  A  sUtioa  wagon  la 
clutter  Is  shown  in  figure  12  together  with  A-dls- 
playi  for  both  reference  and  monopulse  radars. 
The  peak  fallowing  the  target  signal  was  due  to  ths 
ridge  of  ground  running  diagonally  across  the  rear 
of  the  vehicle.  A  marked  impruvement  In  clutter 
diacriminatlon  by  monopulse  radar,  as  compared 
with  the  reference  radar,  should  be  noted  In  the 
above  three  figures. 

Numerically,  the  signal  to  clutter 
contrast  can  be  expressed  in  terms  of  a  normal¬ 
ized  clutter  area  as  defined  and  calculated  la  the 
Appendix.  In  figure  11,  where  a  lO-M^  corner  re¬ 
flector  was  used  as  a  target,  the  normalized  cl^- 
(cr  area  was  found  to  be  0.00037  per  If  of 
terrain  area  while  the  value  for  the  reference  ra¬ 
dar  was  0.0744  M^per  of  terrain  area  appros- 
imalely  23db  larger.  The  station  wagon  used  is 
figure  12  can  be  regarded  as  not  slfniflcanlly  dif¬ 
ferent  from  a  military  vehicle  when  used  as  a  ra¬ 
dar  target.  To  detect  and  locate  the  vehicle  ash 
target  is  practically  impossible  In  the  case  of  h 
conical  scan  radar  on  account  of  the  severe  modu¬ 
lation  effects  caused  by  the  ground  clutter.  Is 
contrast,  the  oionopujse  radar  unmistakably  de¬ 
tected  the  existence  of  a  hard  target  in  clutter  by 
virtue  of  (he  maximum  sum  and  null  difference 
characteristics  so  dislinclively  ei^lblted  is  ths 
photograph. 

<2|  Data  Indicating  Target  Pointing 
CharacterlEllcs 

The  pointing  characteristics  of  the 
experimental  monopulse  radar  are  illustrated  by  a 
series  of  photographs  of  surr.  and  difference  signal 
amplitude  vs,  azimuth  angle  for  two  point-source 
targets  uf  different  sizes  set  up  at  a  given  range 
but  having  various  angular  separations.  Figures 
13,  14  and  IS  show  this  series  cf  photographs. 
Pointing  simply  refers  to  the  point  on  the  ampli¬ 
tude  vs.  azimuth  display  where  the  null  of  differ¬ 
ence  signal  coincides  with  Ihe  peak  of  the  sum 
signal. 

A  corner  reflector  was  first  placed 
approximately  at  a  range  of  live  hundred  yards 
from  Ihe  railar.  The  latter  was  then  moved  in 
azimuth  until  a  null  was  indicated  in  Ihe  difference 
signal.  The  null  was  used  as  zero  reference  which 


permitted  colllinatioa  of  nAt  and  optical  axia. 
The  antenna  poaltlon  reJereace  waa  finally  adjust¬ 
ed  for  centering  on  the  osciiloscope.  The  vertical 
center  line  shown  Ih  the  atwre  photograph  pointed 
the  position  of  this  target,  the  larger  of  the  two 
reflectors.  The  second  reflector,  about  3db 
smaller  in  radar  area,  was  located  approximately 
at  the  same  range  but  at  various  angular  separa¬ 
tions  with  respect  to  the  first,  starting  from  2.  S 
mUliradlans  and  Increasing  ip  to  SS  milllradlans. 

For  the  smallest  separation  2. 9 
mIKiradians  shown  In  Hgure  13,  the  radar  pointed 
at  the  larger  of  the  two  targets  within  the  beam- 
width,  The  presence  of  the  smaller  target  was 
hardly  recognized.  At  S  nulliradians  separation, 
only  the  larger  target  was  pointed  at.  The  appear¬ 
ance  of  secondary  lobes  ta  lire  difference  signal 
was  also  noted  as  a  result  of  the  presence  at  the 
smaller  target.  The  increasing  area  of  the  left 
half  of  the  difference  pstterw.  was  the  evidence  of 
the  presence  of  the  seccod  reflector  while  the 
pointing  at  the  larger  target  remained  unchanged. 
A  second  null  began  to  be  noted  in  figure  13  for  25 
milllradlans  separation  but  there  was  no  corres¬ 
ponding  peak  In  the  sum  pottrrn.  Srinlillalions 
were  evident  due  towind  elfecls  whi'-h  caused  rel¬ 
ative  m'.lions  of  the  targets.  The  larger  target 
was  still  pointed  at  accurately.  The  second  null 
appeared  more  plainly  la  Figure  H  (or  30  milli- 
ladians  seiiaration.  Same  as  the  case  (or  25  mils 
separation  there  was  a  9-milliradian  po.nting 
error  (or  the  second  nelL  The  pointing  at  the 
main  target  was  unchanged.  Two  targets  were 
seen  at  svpuraie  nuils  without  any  pointing  error 
when  the  separation  was  iaercased  to  35  milli- 
radians  corresponding  to  a  single  antenna  beam- 
width.  The  same  r'lenomeoa  was  noted  in  figure 
H.  Correct  point  ng  at  the  larger  target  was 
maintained  (or  45  -nllliradiacs.  However,  a  third 
null  now  made  its  appearaace.  A  similar  phenom¬ 
ena  was  shown  in  figure  15,  In  both  cases  there 
was  an  apparent  pointing  error  of  1.5  mllliradians 
at  the  smaller  target  prdinbly  attributable  to  the 
non-linear  antenna  posiliou  retercnce  employed. 

In  order  to  verify  the  experimental 
results  on  pointing  characteristics,  malhemattcal 
expressions  far  the  magpitode  of  the  suni  and  the 
difference  signals,  Es  ara]  Ed,  have  been  derived 
as  a  function  of  relative  :>ixes  of  two  targets,  an¬ 
gular  separation  between  them,  squint  angle  of  the 
antennas,  difference  in  rau^s  of  the  targets  and 
direction  of  the  stronger  target  with  respect  to  the 
center  line  of  the  antenna  system.  (See  Appendix 
n  for  the  expressions.)  Three  sets  u(  curves  are 
shown  in  figures  16,  17  and  13  for  different  angu¬ 
lar  separalions  between  two  targets,  for  a  fixed 
squint  angle  and  a  fixed  ratio  of  target  sizes.  The 
average  curves  on  the  plots  were  obtained  by  tak¬ 
ing  the  average  of  the  erdiaates  of  different  . 
curves.  These  curves  indicate  practically  no 


■hUllflg  of  null-point  (or  wide  angular  separatlonn 
but  a  shitting  in  the  magnitude  of  l-mtl  In  the  caM 
of  S-mlt  separation.  A  distinct  pointing  charac¬ 
teristic  of  strong  target  preference  la  demonstrated 
by  these  analytical  results  closely  resembling  the 
experimental  results  as  discussed  above.  The 
average  curve  for  the  sum  signal  has  been  plotted 
separately  (now  shown  In  Ihe  Appendix)  (or  15- 
mlls  separation.  The  maximum  on  the  curve  co¬ 
incides  with  the  minimum  of  the  corresponding 
average  curve  for  difference  signal. 

During  Ihe  later  phase  of  the  study 
an  Interesting  observation  was  made  of  A-scope 
presentation  of  a  large  complex  structural  target 
viewed  at  dlfierent  angles  from  the  radar  and  at  a 
range  of  about  1500  yards.  The  target  Is  shown  la 
the  photograph  In  figure  19.  Figure  20  shows  a 
plan  view  of  the  target  of  Interest,  Superimposed 
on  Ihe  plan  view  are  (our  dashed  lines  representing 
Ihe  directions  of  the  radar  deslgiialed  at  -3-mll, 
0-mil,  S-mtl  and  10-mll. 

Four  corresponding  pairs  of  traces, 
each  presenting  A -displays  of  sum  and  difference 
video  signals,  are  shown  in  figure  21.  The  solid 
heavy  lines  In  figure  20  represent  simulated  In¬ 
tensity  modulations  based  on  all  ratios,  exceeding 
tour,  of  sum  over  difference  signal  voltages.  The 
lines  are  plotted  according  to  the  four  angular  po¬ 
sitions  of  the  target  viewed  by  Ihe  radar,  buttlie 
superposition  Is  made  arbitrarily  in  range.  The 
small  pulse  at  the  left  end  of  the  trace  in  the  A- 
presentalions  was  obtained  from  a  telephone  pole 
in  the  foreground  of  the  target  now  shown  In  the 
photographs.  It  Is  short  enough  to  permit  Indexing 
of  Ihe  sum  and  difference  traces  In  lime.  The 
voltage  readings  were  taken  at  an  interval  of  every 
one-third  of  a  p  jlse  length.  Any  ratio  of  the  sum 
and  difference  vltages  over  (our  registered  a  sol¬ 
id  spot  of  9’  In  range  along  Ihe  dash  lines  In  figure 
3$.  During  the  test  the  gain  s  tllngs  of  the  sum 
and  dificrence  channel  amplifiers  were  aujusted 
as  close  to  be  the  same  as  possible.  Atlentloa 
should  be  drawn  to  the  ability  of  Ihe  radar  to  re¬ 
solve  a  large  complex  target  liitovarious  separate 
bits  of  information  by  means  of  scanning  and  ratio 
gating  techniques.  In  case  of  conventional  radar, 
the  same  target  would  be  presented  on  an  A-scope 
In  the  form  of  a  single  long  broad  pulse  without 
revealing  its  nature  and  romplexjly. 

III.  SUfdMARY  AND  CONCLUSIONS 

Based  on  the  results  of  the  experimental 
study  and  the  evaluation  Ihereof,  the  (ollowlng 
summarized  conclusions  can  br  drawn: 

a.  The  sum-channel  box- cars  ofvegetalloo 
typerliitler  have  positive  and  practically  canstant 
amplitude,  but  the  box-cars  from  the  s'immlng 
circuit  for  the  difference  between  sum  channel  artd 
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ditrerntce  channel  bax-cara  hav<)  both  poettlve. 
negative  and  lero  valuea  on  accovnl  of  (he  random 
phase  relallonshlpt.  of  the  two  radio  frequency  sig¬ 
nals  at  the  senelng  points.  For  a  point -source 
target,  this  same  box-car  would  be  positive  and 
practically  constant  in  amplitude  much  rescmbl'iig 
the  clutter. 

b.  There  exists  a  distinct  clutter  discrim¬ 
inating  characteristic  in  the  ntonopulse  system. 
The  coincidence  of  the  maximjm  of  the  sum  video 
and  the  null  or  the  minimum  of  Ihe  difference 
video  cslabllehes  a  clear  cut  condition  for  the  on- 
axls  target  even  when  It  la  aet  In  heavy  clutter. 


Numerically,  the  sacsopolae  aystem  la  capable  of 
a  23db  Improtwacnt  In  clutter  discrimination  over 
a  canventloaal  or  conical  scan  type  radar  of  coes- 
parable  charsetsrlstlca. 

c-  The  experimental  system  has  a  pototiag 
charactertslic  of  strong  targH  preference.  For 
two  targets  of  different  alzes,  within  the  beam- 
width.  the  wdl  or  the  minimum  of  the  dlffereocs 
signal  points  accurately  at  the  stronger  target  for 
any  angular  aefsaration  between  them  from  a  few 
mils  to  mtws  a  beamwldth  where  e  aecond 
null  appears  to  Indicate  the  location  of  the  smaller 
target.  This  character  I  si  Ic  has  been  supported 
and  verified  by  analytical  results. 


APF  ENirX  I 


1.  The  normalized  duller  area  Is  defined 
as  the  ratio  ol  clutter  area,  determined  by  the 
relative  duller  and  target  signal  powers  and  tar¬ 
get  area,  to  the  physical  area  of  the  radar  cell 
defined  by  the  product  of  pulse  duration  and  beam- 
wldlh  at  a  fixed  range.  Small  grazing  angle  is  Im¬ 
plicit  In  the  above  definition. 

The  signal  to  clutter  voltage  ratio  is 

given  as 


Et  -  Ev/e^ 

where  and  E  \arc  respecUvdy  the  auno  and  dif¬ 
ference  video  signals  fror  ’.he  lower  portion  of 
the  photograph  in  figure  1 

Kumerlcally'lie  above  ratio  Is  9  and  the 
corresponding  power  "alio  Is  81  which  Indicates 
the  relative  target  s'gnal  and  clutter  power,  lev 
the  corner  reflector  used,  the  target  areals  10m  , 
The  clutter  area  then  becomes  10/81  *  0. 123m2. 
The  physical  area  llluinlnatcd  by  the  radar,  1. e. 


the  radar  cell.  Is  found  to  be  329. 6m^  at  the  range 
of  871.5  meters,  pulse  length  of  8.7 S  mete/  and 
beam  width  of  2.  58**. 


Th<  -  ofore,  the  normalized  clutter  area 
as  defined  above  can  be  calculated  as  follows: 

^  o.OOOSTmVm* 

329.  Om  2 


2.  In  a  simitar  manner  the  normaUz 
clutter  a.-ca,  when  the  control  radar  Is  used,  can 
be  calculated  with  reference  to  the  photogryhs  la 
figure  10.  Its  value  is  Ivund  to  be  0. 0743aiiVm*. 


The  ratio  of  the  normalized  clutter  area 
for  the  mooopulse  and  control  radars,  using  the 
latter  as  reference,  is  found  to  be 

.  200  approximately 

0.03037inVm* 
or  23db  dl.flenwce. 
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ABSTIUUt 

fracAlBc  ■7at«w  wdar  drraloiaunt  for  th» 
AUantlo  Hlsstl*  IU.V*  ar*  (l«9l(»«d  t«  pro- 
doc*  «baolaU  *ccca-»rt**  ronplBr  fro*  1  port 
to  loBTSSTT^  th*  Kk  n  AZDSA  (aoca  to  bo 
oporatlonil)  <o  1  port  In  1,000,000  for  tbo 
AMR  Hlfh  Prsrtoion  trockliif  spotM  (to  bo 
operoUoool  Is  o;^>raxlaot«l7  tbroo  jrtrw), 

Tbo  col?brotlan  ond  onlootAco  thooo 
•pstoof  rwpitros  opoeiollp  OcolAEiiod  olrcroTt 
osd  moatl*  tost*.  Tb*  daoiSB  of  the**  t**to 
tod  th«  roctor*  offoctlaT  their  doclcn  or* 
presented.  Spoclol  eaphosls  Is  glTtn  to  tho 
«s*  of  bolUstle  coneros  os  th*  stonderd  for 
ocoospllihlnc  the  collbrotlos. 

riJMllj,  o  brief  doecrlptloo  lo  plnB 
of  th*  uthoutlcol  t«ehnl()aes  otUlsed  Is  th* 
onolxrls  of  the  test  dot*  for  deteroinijtf  ros- 
doa  osd  tjstoMtlc  errors  of  th*  sjstea*. 

DITRODCCTIC* 

- Tl  I'i"*  disturbing  foot  thol  eonTlletlSf 

trojectorles  or*  obtoined  trea  vorlooo  tro:kln| 
spsteos  utilised  In  a  glren  olsslle  fU^t  test. 
In  th*  esrl.T  phosss  of  alssll*  de*elop«ent 
such  Ineonslstenele*  ore  generolly  toleroted 
by  Hisslle  oontroctors  becouse  other  consider- 
otlons  tre  of  nore  Inportonce.  Indeed,  In  tho 
eorlj  derelopocntol  phaseo  reletlveljr  llttlo 
oso  Is  octuallj  nsde  of  extemol  dato,  telo- 
Mtered  dot*  being  oll-lrportonl.  Roreror, 
when  deeelopMent  has  reoched  oore  odeonced 
stages,  oxtemoi  dots  or*  csllod  upon  for  th* 
dcrlTotlon  of  refined  projwlsloa  ond  guldonco 
peroTMters.  In  portlculor,  th*  eraluotlon  of 
guldine*  psroneter*  r*<julr**  «st«rrMl  dot*  of 
oxtre-ielj  high  obeolute  oceariejr.  Horeo»*r, 
as  £i!ldenc*  s/stens  bccois*  Incieaslnglp  rofintd, 
the  state  of  the  tracking  *rt  sust  be  corres¬ 
pondingly  adTsneed  ot  *11  leralt.  If  thl*  1* 
not  done,  ■  stage  will  b*  reicJ  rd  where  nlssll* 
contractors  will  find  It  necessary  to  abandon 
the  use  of  external  data  for  tho  eToluatlon  of 
tr*  finer  points  of  rdsslls  perforwionee  ond. 
Instead,  to  place  their  reliance  oolely  upon 
i^curotely  detemlned  Ijnpact  points. 

The  prlosry  reason  fo'.'  these  conflicting 
tra.^ectorles  is  that  practically  all  dot* 
oc<)ulsltlon  systeas  possess  tnleterelned  bios 
or  systenatic  errors.  To  lUostrata  this 
point  ccnslder  typical  axlmith,  eleratlon,  ond 
range  (A*,  H^,  R”)  data  rersos  tine,  I*,  fro* 
a  radar  on  a  nlsalla  launch.  The  superscript 
n  represents  neuured  quantities.  Let  os 
essune  that  ws  aeVuilly  had  sone  aeons  of 
knowing  true  or  absolute  data  (A^,  e\  RI), 
that  is,  let  ua  ossune  wa  knew  exactly  where 
the  nlaslle  wes  at  any  tlm,  ?*■.  The  super¬ 
script  t  represents  true  or  absolute  quantities. 
A  cemporlsen  of  these  date  wlU  reTaal  that 
the  data  areal  red  by  tb*  radar  and  tha  trua 
data  differs  fron  one  another.  Th.ls  dlfferanc* 
Is  a  conseouenca  of  th*  rando*  and  systenatio 
errors  of  the  redar.  If  there  were  son*  neang 


oa  oa  aetoal  sdaitdl*  teat  of  dotoratsdai 
warloo*  control  point*  ondt  ao  tb*  ammmt 
true  data  on  tha  abowo  axanpla,  thaa  1%  mooU 
ba  pocslbla  to  allnlBata  tha  systsaaMr  aartro 
froa  tha  data.  Moreorsr,  If  th*  systaBlIo 
arrors  or*  losig  tarnod,  th*  ociaamlatBaa  *( 
data  froa  saweral  teal*  alwnld  p*nd.A  oBBn- 
tloa  of  tho  ratWr- 

Tb*  procedore*  utlllted  at  t»a  AUjaMa 
Hlsalla  Rango  for  calibrating  tha  spateadt* 
orrars  In  highly  preda*  electroale  tradkbig 
systeas  are  pe^sentad  In  thla  papar.  Jaa^ 
tha  syntaw  axa  the  Hark  II  AZDSA  dsUk  lo 
designed  to  aeasnr*  aboolnta  accuradea  of  1 
part  la  100,000  and  tha  HISHUM  ayrtM  aMd 
ha*  design  specifications  for  asasurlag  doa- 
Inta  accuracies  of  1  part  In  1,000,OOOL 

In  view  of  th*  faragoing.  It  la  that 

th*  problea  of  reaolvlog  conflicting  1*0**- 
tories,  which  In  turn  la  ultlaataly  aas  tt 
Instmaent  calibration,  anst  ba  solvW  an  any 
ranf;*  which  1*  charged  with  th*  i'iis|«na«Hty 
of  producing  accurate  data  for  th*  praataa 
evaluation  of  alasil*  perfomanca.  Iba 
effective  calibration  of  tracklTg  tywtmm  la 
not  a  task  for  tha  Inexperienced,  alnea  opo- 
blllty  in  thla  highly  apeclallsed  ar«*  tisiiT, 
ba  acquired  In  a  aht-d  period  of  tlaa-  IB 
requires  a  degrea  of  sophlitlcatloa  ddsb  gsaa 
far  bajvnd  that  neceseary  for  th#  ccayadMA 
reducUoa  of  dsU.  It  denond*  aa  lartlsMla 
knowledge  of  th*  data  acqulsltlcn  liailiaaaal. 
Including  tha  eovlronnent  and  aanmr  As  ddab 
the  Instrunent  1*  used|  th*  data  louaOng 
Media  associated  with  th*  InatnassntaTWi 
th*  dot*  translating  equlpnent  tdildl  tTi»*iatss 
th*  electrical  or  optical  iMga  to  <HglW 
coapoter  language)  the  aathantlcal  tackdqpa* 
for  redicing  tha  dat*  to  IntolUglbX*  tefrsea 
Uon,  and  the  handling  proeedurea  oqils^dby 
personnel  In  jnrocesslng  th*  data.  It  la 
Inportent  to  note  that  data  reducUna  taA- 
nlques  raach  fall  naturlty  only  vlw  *11  *f  tha 
data  acquisition  InatrunentatlOB  froa  mdsb 
data  are  red'iccd  have  been  analysed  tat  iQ 
sources  of  error  and  these  eiTors  baas  b**n 
calibrated. 


RATIWE  or  Ik.gTOimtTAL  TOCR3 

Ir.strun.-.ntal  error*  nay  be  rIasalHsd 
as  rando*  and  eysteieatlc.  Rando*  amn  B* 
chance  variables  and  are  Individually  aipWiet- 
abls.  They  any  be  eharacterlaed  only  la 
statistical  tenis  and  say  b*  affectively  fiitsrad 
only  by  statistical  neons.  Systeaatlc  (orMaa) 
errors,  on  th*  nuiar  hand,  ars  generally  caatUs- 
uoua  function*  of  various  physleal  parsarters 
end  are  subject  to  calibration  and  to  ecsrectloa. 

In  th*  dlacnsslco  of  tha  rolattsaa  W- 
twean  rairdoa  and  nystomtle  error  It  1*  tea' 
venlent  to  Introdoc*  tha  concept  of  Uis  "n** 
'actor*  of  a  eyste*.  This  Is  defined  ■*  tt* 
ratio  of  th*  bias  or  systenatle  error  la  a 
typical  obssTvetlon  to  th*  standard  dovlatlaa 
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et  tk#  obsarraUon  (tb*  «t«ndard  dcYl^Uoa,  of 
eaarvi  1*  «  BMsor*  of  the  porolor  randoa  error), 
for  exti^flXt,  etnettModollteo  hen  trplcel 
rUndKTd  dorlatlona  of  tko  wuorod  aneXee  otilcii 
rengo  troa  5  *-a  10  oocooda  of  ere,  while  typical 
•yeUantic  error*  yang*  froa  20  to  bO  second 
of  are.  Beaoe,  tk*  biai  factor  for  einetheodo- 
lit*  data  aay  range  frea  2  to  8.  Ibo  Hark  I 
iZOSa  eyatoa  has  typical  atandard  dertatloaa  of 
3  to  5  part*  per  atllian  In  angle  and  $  feat  la 
range  whllo  typical  eyiteiaetie  arrore  rasge  froa 
2$  to  200  pu-te  per  sdlUoa  la  angla  and  10  to 
$0  feet  in  range.  n<eic«,  the  biae  factor  for 
the  Hark  I  iZDSA  any  range  froa  5  to  for 
angle  end  froa  2  to  10  for  raaga.  rracUcally 
all  tracking  ayatcaa  lure  bia*  factor?  greatly 
exceeding  unity.  It  is  this  which  leads  to 
conflicting  trajectories. 

tccurac7uls«i  a  syeteo  nay  ba  r.>garded 
aa  coi^stely  satisfactory.  vlOiin  ita  inherent 
capebility.  only  when  the  ayatcaotlc  errors  in 
the  basic  obserretlcne  have  bean  ruppraseed  to 
a  level  appreciably  below  that  ef  the  typical 
racdoa  error-— that  la  to  say,  only  whan  the  biea 
factor  of  the  ayston  haa  been  reAiced  avfcatan- 
tlally  less  than  unity.  Only  then  le  it 
possible  to  proTlde  a  poeitlve  end  well  defined 
aiiswer  to  the  ever  recurring  quastloa  of  *b9w 
good  ere  the  final  data.* 

CiLnaATicm  or  ntiCTiHG  mTOB 

l)ie  adequate  deiereinalloa  of  the  randan 
errors  affecting  trajectory  data  usually  pre- 
eoita  no  dlfficultlea  and  nay  ba  ordinarily 
acconpllshed  by  eatablished  proceduraa  of  tine 
aeries  enalyala.  On  the  other  hand,  the  prcblM 
of  evaluating  the  ayslee  errors  in  a  given 
tracking  ays  ten  la  corjViicrably  sore  difflouit 
unless  s  suitsbla  standard  for  oos^parLson  la 
available.  Tine  series  analysla  reveals 
nothing  about  systesatic  arrora. 

The  actual  calibration  of  a  tracking  instru* 
■ent  involves  a  coahloatioo  of  approaibe*.  The 
first  reoulre-wnt  it  that  a  suitable  error  nodel 
b«  forwlated  eathenaticclly.  Reeocothle  errors 
In  each  of  the  nodel  paranetera  are  Intioduced 
and  the  resultant  effects  on  date  ere  cal¬ 
culated.  With  e  reder,  for  inatence,  the 
systcratic  error  In  the  angles  njy  be  expressed 
in  tenet  of  such  parinetera  aa  eislevel,  index 
error,  coUlaation  error,  etc.  The  process  of 
calibration  consiata  essentially  of  tha  doter- 
alnatlcn  of  the  unia)cvn  psrenet-era  appearing  In 
the  error  nodal,  Ihia  le  acooxpllshed  in,  pxec- 
tlce  by  fitting  the  error  nodel  to  e  aet  of 
known  syatcuitic  errore  correapy-ndlhg  to  varioua 
inslrujocntal  eettings.  The  neeeasary  aystenatio 
errora  ere  obtained  for  the  novt  port  by  neaaa 
of  laboratory  evaluation  of  the  coag^aieDte 
whlfh  can  reaaonably  be  expected  to  ranain  stable 
In  the  field,  and  by  the  coaparison  of  observa¬ 
tions  resulting  iron  different  instroasntetioa 
eye tens. 

it  the  MUntie  HissUe  Range  the  ballistio 
canere  Is  used  as  the  standard  for  coeparlecD  of 
other  rang*  Instrumntallnn.  The  ballistio 
eanera  Is  recegniued  aa  the  ouly  syvtca  of  high 
Iirecision  which  can  conelstentiy  prodeca  data 
havlrg  a  bias  fector  of  lepa  than  or*.  Con- 
eeroenay.  It  is  th*  only  ayetea  for  winch 
neaningfbl  and  preolaa  atatenenta  can  be  mada 


ooneemlng  th*  ebsolut*  aecuracy  of.  th*  naaf. 
yrodoet.  It  is  tharafor*,  aa  exceUeot  ataadat^ 
for  eollbrating  tha  ayatewtio  arrora  la 
aleotronie  syateas, 

CAtrmTioa  OT  tor  h.o>i  n  tzoat 

Aa  aa  lllustraiios  of  ilia  celtbratiaa  fa»» 
cedars,  I  would  Ilka  to  ouLllxte  the  nethaaetledl 
approach  and  test  design  for  tha  evnlnatls*  aai 
calibration  of  th*  Hark  n  aZOQg..  Tha  gnanA 
antanna  oonfiguratioo  of  tha  ayataa  la  gL^im  tn 
Rlgnro  1, 

Tha  sita  trar^alta  a  earrlar  fraqnaney  oC 
approxlnately  $060.2  no  fraqnsney  ■otkiletad  wltf 
thres  ranging  fr*<)uancii*t.  Tha  alrborna  tria 
ponder  lock*  on  to  this  tipial,  offsata  tha 
canrler  by  approxlnately  60.2  lae  and  tranasdlta 
thla  signal  to  tha  site.  Tha  aita  tranaidttav 
fr*<]uancy  is  adjusted  so  that  th*  reseivwd 
trsqusney  at  the  site  la  always  $000  so. 

A2DSA  rtnga  data  it  obtained  by  phaa*  eoi^ 
paring  tha  transKl  tted  ranging  frequanoy  with 
tha  received  ranging  fretjuenoy.  Vhare  tbs  traaa> 
ponder  la  last  than  ona-half  wavslsngth  of  tha 
Beasaiicg  frequency  froa  the  alta,  the  aeasBred 
phase  angle  la  proportional  to  raaga. 

When  the  transponder  la  Moving  relatlva  ta 
the  site,  the  Doppler  Effect  will  appear  aa 
changea  la  phasa  eeasuraaenk.  Thesa  appear  aa 
counts  in  the  date  units  so  the  range  eeasarewah 
nay  be  considered  as  an  initially  detamlned 
valua  plus  a  sunaallon  uf  range  ineranant*. 

Coherent  carrier  range  it  based  on  the  eaaai 
principle  but  la  derived  froa  the  $000  no  canrlaa 
frequency. 

Cosine  data  it  obtained  by  phaas  oonperiag 
tha  $000  no  signals  rteeived  by  two  basallSM 
entennaa.  The  aeasureaent  obtained  le  a  renga 
dlfferenea,  which  can  be  related  to  a  dlraetica 
ooaine  froa  the  alt*. 

An  error  analysla  of  tha  Hark  n  AZOSd  baa 
resulted  in  tha  following  general  aatbasiatlral 
eodal  of  the  eyateie. 

^  -  ij  ♦  Til  *  Pi 

■l  •  ♦  Tai  ♦  Pa 
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Where  the  P  tytentities  repreaeiit  the  biaa 
cf  each  of  tlMs  six  AZDUl  paraste^aqrs, 
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1h«  T  qMtUUM  r«F»MDt  tlw  rvidM  wrora  af 
Mcb  at  tha  all  IZISA  poraMtaaa, 

Am  aubaeripUd  <pi«iUU»a  a^,  a,,  ate.  *n 

eoafflclvata  cf  Uia  aacaOrad  ^aantittaa* 


mtad  to  toa  ttowaat  dlaipiaitta 

1.  dA'^a^^aajaaayi 

t. 


•d  4  -  -  *4  • 

todi  at  tha  a,,  a;^,  ate.tama  la  tha  a»praaai«i 
rapraaaat  Maa  ariara  of  a  portimlar  kind.  Ito 
a  tana  la  ArtfraaaiU  tfca  taro-aat  arrora  of 
tM  1  ooaint  aamaunaank.  The  raaiaiiring  tivaa 
tana  In  Pi  ,  l.a.,  ail,  awi  and  o^n  rapraa^ 

J.  coalna  orpcra  ean»«d  by  tiacallna  arrora  of 
lao^,  aalrath  and  tUt. 

Spadal.  taata  ara  conductad  at  night  ia 
vhleh  ato  laairoaaatalioo  balug  ealtbratad  aad 
iba  balllaUe  caaaraa  olanltanMualy  iraeb  a 
taat  aircraft  orcr  a  pradatamlnad  flight  path. 

A  tjpleal  flight  path  la  '  hoim  In  Plgura  J.  tha 
aircraft  earrlaa  a  flaahlag  light  vMch  prodocaa 
pla»point  ax^oavraa  on  tha  ballistic  caarra 
plata.  Tto  tlM  of  tbaaa  azpoaorat  Is  racordod 
through  tbo  aodloa  of  Raoga  Tlalng.  Ttaia 
accurata  tljaa-poaltlci  lafoiaatloa  la  obtalnad 
from  tha  balUatlo  caaara.  tha  InatnuHOtatloa 
undar  teat  traeka  tba  aircraft  in  Ita  oomal 
Hxte  ylaldlng  amthar  aat  of  Una  posltlao  data. 

lha  radocUoa  of  AZUSA  aad  BalUaUe  Contra 
data  proceod  indapAdtntly  and  foUcai  ttoxlard 
data  rodictloo  prccadoraa.  Special  attmtloa 
is  glran  to  tha  problan  of  parforainc  rofrartlaa 
oo.'reeUofM,  tha  ray  tradag  aethod  (1,9., 
niiniirl  r  it  Intagratieo  baead  opca  obearrad  Indax 
af  rafractloB  profUai)  beiag  oqiloyod  la  both 
C49M« 

Tha  final  output  of  toa^AZ^A  raducUoa 
conaUU  of  t,  1,  a,  r,  1,  a,  r  ecrractad  for 
all  knonn  af facta. 

tha  balllatle  eaaa  a  ooordlBatoa  ara 
oorractod  f-ir  tha  dlaplaeaaant  batMaan  tha 
atroba  laigp  and  tha  AZUSA  antaona.  Than,  tha 
data  ara  conjart^  to  direction  ooalnaa  and 
rasga  (1*,  a',  r’’)  reforanead  to  AZUSA.  In  tha 
conparlaoa  thaoa  ara  ragardad  aa  being  the  'tma* 
aalnet.  Jbo  coTsrlauca  natrleas  of  tba  oodputad 
it,  a*,  r'  raluet  ara  also  oo^ntad. 

lha  dlacrapanclaa  batoaao  tha  Salllstlo 
Canara  data  and  tha  corraspondlag  AZUSA  dhta 
ora  eo^ntadi 

A1  »  l“-l* 


3.  Ar 

1.  AA 


^aa^an^aaj^.t^ 


.  byl*  -  b^n  .. 

,  .  f  T  ^ 

Tha  {,  n,  r  data  prodaoad  ky  UDBA  ora  Intacratod 
maerlcally  and  ara  llkaaciaa  eo^iaiad  alth  bol^ 
Uatie  caaara  data. 


for  a  glaan  data  rcB  althar  aqcatloM  1, 

2  and  3  ara  aaployad  la  tha  adjaatieant  or  alaa 
aquatlona  3  ead  b,  dapaoding  upoa  idMthar  tha 
roa  la  of  high  ar  loa  alaaatloB. 

Slnoa  tha  arma  In  tha  dlacrapaneiaa 
A 1,  A  a,  A  r,  AA  ara  eonalatad,  all  foor 
ara  carrlad  through  a  ecaaoa  adjaataant.  lUa 
laada  to  tha  fomatloa  of  a  10  x  10  ayston  of 
noraal  atpiaUona,  tha  aolntloa  of  ahleh  yialAt 
tha  calibration  paraattars  ^  a,,  a,,  a^,  b^, 
'>!»  ».>■  kt*  *01  *1-  **toa  ara  ttoa  taplSyad 
In  o^^uatl&aa  1,  ?,  3  tgi  ii  to  obtola  tha  oo«s. 
putad  dlaerapanelaa  Al,  AB,  A?,  It.  lha 
raaldual  dlacrapanclaa  ara  than  rcopotad  frcaa 

Al  a  Al  .  Al 

An  a  An  -  An 

Ar  a  Ar  •  Ar 

Aa  a  aa  a  Aa 


It  la  tha  raaldnal  dlaerapanelaa  ufaleh 
datanano  ntathar  or  not  Ua  (yntoa  la  cagitola 
of  aaa  lag  spaclflcatlona. 

Tba  tan  callbratlan  par— tara  a.,  oi 

ara  ongiarad  Aron  taat  to  tact,  both  iadlrldoally 
ono  V.-"  •ctlTaly,  to  dataomlna  vhatbar  uxf  slg> 
niricant  varlaiAon  oxlata.  Iba  corarlanc*  aatrls 
of  each  groep  of  calibration  poraawjars  la 
obtaiaad  fron  tha  inrarao  of  tba  nomol  oquatloaa. 

lha  sl^illty  of  tha  ealitratlon  paraaatara 
tnm  teat  to  taat  will  raflact  tha  [hy^eaX 
aUblUty  of  tha  Mark  H  AZSBA  Syatan. 


An  a  B*-n* 

Ar  •  r"-r* 

SljDca  tha  oDcartalnty  la  tha  rafraetloa 
corractloau  oay  be  algnlfiowt  for  lata  ran  at 
loo  alaratloD  anglaa,  tho  aalnth  dlserapaaelia, 
vblch  ara  imaffacted  by  noraal  refraction,  are 
olao  gq^tedi 

Al  - 

ahare 

tan  A*-  too  A*  • 

An  arror  nodal  of  tha  foUoulng  fom  ia  thM 


CALH’lATIOa  HT  ’BSST  ESTllUTS  0*  IBAJBCTORI* 

IFSOT.IJ - 

~'^n  addition  to  tha  obora  daoorlbod  eallbra* 
lion  tachnlquas  whara  an  accarato  coaporlaea 
atandsrd  exlsta,  another  approach  ifilch  axplolta 
tba  radundancy  of  data  fron  aareral  Instyi— nto- 
lion  ayatnaa  la  being  otlUsed  at  tha  Atlantle 
Kiaalla  Kange.  Cia  approach  oaa  baan 
*1he  Bait  Eatlnaoa  of  TTo^ctory  UtUlsliig 
Inatruaent  Error  Modals.*  Ihla  todmlijaa 
utlUaaa  tha  error  nodal  aquations  aod  the  fact 
that  eyatanatle  arrora  change  sloWly  with  tiae. 

To  illnstrata  tha  prlncl^a  Imolrad  In  tha 
ap^mach,  coDsldar  a  tg^tbatleal  problaa  In- 
rolelng  data  aliulVanaoosly  anqulrad  by  AZUSA, 
Radar,  and  two  doathaodoUtaa.  Tha  obaarratlona 
nay  b#  daoatod  bgn 


AZOSAs  ^  r 

iwa 

Blaaaa 

Ceafiatsd  Biases  *  27 

Bader  d«  >*  > 

ft.  * 

-.000096 

..oooa2?  *xootfl6 

TURK  Z 

ItkaodeUU  «•.  1*  A^e  ^ 

P-* 

.00005? 

e.OOOQlS  i  .000U16 

AZUSA 

Ihaodollta  ««.  2i  A*,  B* 

2.00 

2.32  ♦  kOB 

TKi,  each  trajactoey  petaA  mill  give  rise  to 

10  obaarratloQS. 

fi" 

.0000306 

.oocen  <_  .ooooo 

If  It  1*  aajwmd  for  tha  mnment,  that  each 

a 

-.000136 

-.000105  *  .000036 

TPS-16 

type  of  obsarrattea  1*  affb^ed  by  evnsteat  bias, 
then  obwerraUans  for  tha  point  idll  be  Intar* 

P,* 

RADAB 

130*6  ♦  S.S 

related  by  the  folloeilmf  SApatleost 

P.- 

132.0 

» 'll  *  t»i.n»®i^ 

«1  *  4  fti.  ^  -  fj  (H.yi.':) 

*■1  *  ’ll  *  *1 "  '3 

*1 '  ^  t*i»^i»»i* 

ii  ♦  ♦  £fc  -  ^  -  15  C»i47i.»i)  m-H 

*1  •  Vi  *  ^  "  *1  ■ 

^-fr  Wj^lh)  ™®2’ 

1  ^  »  »,»  ^  oLm 

♦fs^*  -  <’i»»i*n)  ■'’•  ^ 

4^’  ’  ’ll’  ^ 

t(s) .  ,i?)  *(4*’ '  4*^^io<*i.n.’i>  ■°'  * 

In  n.iiea  ih«  ir*s  «r#  />»ao»  ^iTor»,  *,  y,  •,  •« 
tho  c'HJi'dlnntmi  oi  11*  simtmi  trtjtttorj 
r'l.t  •’nB  th*  p’»»»«  th*  a*i«r«»UaMl  bl«B*i. 

IV  vUl  b»  not.-<3  Ji»t  ttj.  pb  we  til*  wa  tor 
ell  iri'tc'.o*/  ;wln*»  cacilBereiJ  nNI  b^nee  »re 
ir.Jepenient  of  1.  It  U  tM»  per»li.lr'«  of 
blu  \B.lch  meXce  *  eoletlc*  feajlble.  It  In 
wen  tlut  1  t-ot*l  of  »  trejeilory  point*  will 
leiij  to  •  »73t«*  of  10  a  aiMtlon*  la  >  •  10 
ur-tcnoviu  t*  .wt*  *.  J,  •  ■1‘t  *>*  ”-'*fWMn  for  e*ch 
trfjectory  pol2>t).  Tberafore,  la  tlio  abjenca  of 
rftnloa  enror**  Je*t  two  tapajectorx 

poinU  woDd  .jTOTld*  mor*  th*r  *non£>i  e<]U*tloii* 
to  iolT*  for  tha  10  blt«e>  toA  »,  j,  »'».  I" 
prtctiee,  of  tooroa,  tb*  't^lcal  procaAir# 
wcjld  InTolT*  *  l*»»t  ai^uw^i  »oluUor  utUlLiag 
*11  «»*iltbl*  Bata  paOjA*  3lJ»o.i  'aneooalT. 

In  *  nviw-J-lcal  ftwlr  ieitu'eil  *"  te»l  Um 
f^Mlhillly  of  tiia  •olwtl*  Iv  w»*  aiiuaed  that 
lUta  were  ircfilrri  From  tha  «bo»a  *73  tew  OB  B 
U.aovatU*!  IT(>fS  t-  tj  -eUer.  'or  wavotatlonal 
e*3*,  »e»»nt**o  wjoally  tlaad  point*  cw  170 
teccnii  of  de.t«  wer*  aelaatad,  T;a  traa 
cl  larvatlon*,  l>a«f  l{^  aj^  a'x*«  were  datar- 
mined  for  each  Invtrmieat  ^fom  tha  theoretical 
trejeolci/,  Reraloa  errofBjai^,  ’wj'  *te.» 
from  a  tabl*  of  rwidoa  r^tert  were  added. 
Typical  or  "Ima*  W*»  arroro  were  than  added 
to  the  data  a*  alown  1»  Trbla  1  beltaf.  The 
conputcd  hlaee*  fria  tb  WT  eoapcitatloo  »nd 
Oi»lr  20  estlwtaa  wt*a  tb*  obtained  and  are 
alto  tatulatad. 


-.000167 

-.000131 

^  .000030 

TinSCDOUlE 

,05. 

...000032 

-.roooce 

i  .ooooU) 

NO. 

1 

J^5. 

.000127 

♦  .000126 

^  .000025 

THroaoiiw 

..000037 

-.oooook 

^  .000036 

NO. 

2 

TABLE  1 

It  la  Interesting  to  nota  that  only  Pi 
and  ar*  outalde  of  tha  27  limits  and  tbJA 
they  are  Juj'.  ontslda  of  these  Unite*  Horaorer 
the  accuracy  of  determining  the  Betas  lasuld 
Increae*  by  the  square  root  of  the  number  of 
data  points  utilised*  Thus,  If  170  points  bad 
bean  used,  tha  27ll.mlLs  on  ^  would  hST*  bead 
♦  .000026/3,2  or  *  .OOOOfB. 

~  In  the  nuaerTeal  exaaqile,  the  Betas  wire 
assuned  to  he  constant.  Ijowemer,  the  Betas  eouU 
be  analytical  e3]>resslen8  of  the  error  modsli  f«r 
each  Inatrunent.  The  aolutloB  for  the  paraatetarse 
a^,  a,,  etc.  cd  e«ch  test  for  which  Kark  11  AZUSA 
IsUbltlaed  will  yield  r-witlnucnia  and  lonn  tara 
Information  on  the  stability,  calibralSon,  and 
orerall  perfoneance  of  tha  ayataa. 

Calibrating  an  electronic  system  by  the 
•Best  Fstlmata  of  Trajectory*  approach  wcu-’d, 
at  flrsr  sight,  appear  to  be  prohlbltlwaly  dlfTl^ 
cult  frcm  a  comp’atatlcnal  etandpolr.t.  A  problem 
Ir.TClrlng  p  error  part»e>mra  end  a  trrijeeb.ry 
points  would  lead  to  a  system  of  normal  eq^iatlomm 
of  order  (>i  »  p)  X  (3j  »  p).  It  turn*  out, 
however,  tiut  the  nor.'tl  equation  coefflclaiit 
Mtrls  la  so  patterned  with  teroes  that  Its 
Iriverslon  Is  readily  aoconpllshed  by  parti tlonlBfi 
the  largest  matrix  which  actually  need  be  InrertOT 
la  of  order  pip.  PoreoTcr,  the  eo^mtatlona 
aiay  be  so  arranged  that  tha  data  for  each 
Vajectory  point  may  be  proceaaed  lndepcnd«i0.y. 
The  amiuit  of  Internal  computer  storage  and  the 
needed  cor.puter  capacity  ere  thciefore  essentially 
Independent  of  the  nurter  of  data  polDte  but 
depend  rather  upon  the  inirher  of  error  modal 
pwranotors,  p.  The  ccaqutlng  tin*  increaees 
only  llnenrly  wit*,  m.  Bnre  generally,  the  eo^ 
puling  time  Inereaaes  as  up*,  (where  m»ep),  a# 
that  by  doubling  the  nurher  of  error  psarametarB 
one  quadruplea  the  uwerall  ccmputlng  tlsi. 

Fl/iClly,  the  calibration  of  tha  KISTIUB 
aystaa  which  hae  design  apaclflcaUcow  for 


53» 


I 


■ifii  Im  3.  part  la  l^OOOjOOO  idU  idle* 
proeedoTM  elailv  te  thm  pratMatad  abeae. 

Of  count,  the  caUkrattc*  of  nsiUH  vUl  r*> 
eonaldordlo  aora  eara.  far  axn^Aa,  «ba 
tceoTtej  raqnlraanla  fro*  Ite  asiyarlaa* 
etandard,  l.a.  balUatle  caaare  dda,  will 
natorallp  Ha  aera  stnogaad^  dniaiia  mtly,  AM 
la  procurii^  600  an  focal  laB(th  ball  1  atla 
canarai  for  obtalalBC  aor*  accarata  data  far 
cx»^>ariaoa.  Koreoaar,  critical  lacatiana  ara 
baloa  raaar*e7»d  to  obtala  aa  ard«r  of  aacnltada 
laproroBBQt  la  accaracr  aad  Uaraaad  aathoda  of 
aeaaurlac  troposjdwle  rafiraettaa  ladaa  are 
balai  eiplare^ 


'eUkoda  caplojsd  at  tba  AUaitle  Idsalla 


Utett  toe  eallbratlo*  of  alaatcadai  traahiat 
ayit— I  aaro  dlajaaiai. 

m  partloolar,  dlamaali—  af  taa 
iprretohaa  to  1  natn— if.  calibratla*  oara  r*^ 
aantad.  tba  flrat  af  tliaao  ipyrn  w^  nail  load 
tha  atlliaatloo  of  balUotta  eiaars  data  aa  a 
atandard  tor  ooa^iarlaoo  and  iii  iiiiipitly,  aa  a 
aaana  for  eallbritloiu  SpacUlcallirt  attaBtl» 
aaa  focaaad  cn  tba  ctlUaatloa  of  tMa  approadt 
for  callfaratloc  tha  Hark  H  AZOM.  idddt  la 
daalfMd  to  araaora  1  part  la  100,001. 

tb*  aacoed  of  thaaa  ^.ii  naihaa  eatHnad 
tha  *8011  Catlaaia  of  Tlajaetcry  OtUlaLf 
Inatnaea'  trrar  Hodala*  aa  a  oaaoa  far  ealDbr^ 
tio*  of  tha  laatmaaotatloB  wyetm.  k  aaarlaal 
af^ita  lllaatratioc  thla  jjuroaeh  aaa  alao 
araaaatad. 


a>  .OMcnoMiaMi 
B .  I  ktcHt  Kitoaswr  toM 
A>«  tAMca 

W1 .  m  lAWlM  coaM 
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B .  T  a^maa  wiia  aawa  tatt 
«n  •  T  MwiM  OM  rowa 
til .  rtuiitj  >M  cupa 
n  .  tiMWini 
U  >  >  (UllM  U1*«M 
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•  VLo^  jii^i 


Nod^n  veapoBB  vtu  Iw«b  CBBBUmklB  li^act 
oD  rr—inlotloB  aystcai  of  tla  fotan.  Xncr*B 
•ed  dl^peraloa  of  our  tanem  vlU  rafcU*  aan 
eomnicattoB  for  propar  ooHBal  esaitrol  ind  will 
MCBialtBte  coiMinlcatdoa  omr  smtar  dlitODCM. 
HsblUtjr  of  future  ajrsteai  will  haw*  to  ta 
proved  aod  tha  tloa  required  far  a  aTatoi  to  r*> 
act  to  a  altuatlaa  will  hava  to  ta  reduced.  Of 
tbeaa  deaanda,  tbe  requlreaent  for  lacreaaad  dla- 
tance  la  the  Boat  difficult  to  OMala  atuca  It  la 
here  that  oatura  aeeaa  to  eooaplra  agtlaat  as. 

At  the  preacot  tUae  wa  aaa  tine  taaalc  aa- 
thoda  to  Obtain  reliable  trans-horlaaB  ri'Manlfa  ' 
tlon  at  tha  higher  frequeoclca.  Oae  aethod  la  to 
place  relaya  at  each  ancceaalwa  radio  horlran  oo. 
tU  we  have  covered  the  dlataaee  required,  ma 
la  the  well  krown  radlo-rclav  tcehalque. 

The  accond  aethod  la  to  raflaet  slgnala  off 
the  lootied  tralla  of  aeteora. 

The  third  aethod  la  tha  new  tropo-acattar 
technique  wherein  the  large  path  loa^a  Involved 
arc  countered  I7  brute  forca  arthoda. 

A  fourth  poaalbSLe  aethod  ot  aalotalalag 
coaBunlcatlona  orver  dlrtaoeea  well  beyond  horlaoa 
la  by  re-radlatlon  or  forward  acattrr  froo  radar 
type  chaff.  The  acatterlng  pattern  of  an  ensa^ 
ble  cf  chaff  dlpolea  vaa  analyzed  by  Or.  R.  A. 
Beasener,  Jr.  of  the  Applied  neaearch  Laboratory 
of  the  Unlveraltv  of  Arizona  under, contract  DA- 
3^39-SC.6ciU6.1 

In  hlz  work  Dr.  Reeaeaer  foiaid  that  the  ra^ 
dlatton  pattern  of  the  chnff  enacablc  la  an  ob* 
late  apherold^  with  the  ^noa*  airta  parallel  to 
the  antenio  and  one  UUrd  that  of  the  oajor  azla. 
For  apherlcally  dlsponxd,  randan  arleated  chaff 
the  aozlma  croaa  aectlocal  area  la  0.16 
where  I  la  the  ounber  of  half  wave  dlpolea  and  A 
la  wave  length.  If  the  apherlcally  dlaperaed 
ch'.ff  la  oriented  randoaly  la  a  borlzootal  Plana 
tlie  chaff  Croat  aectlon  area  becooa  0.29  1^. 
Fluttering  and  dispersion  of  thr  chaff  causea  the 
aoplltude  of  the  received  algnal  to  have  a  Ray¬ 
leigh  tine  dlstrlhutloo.  If  the  chaff  la  coo- 
atrlcted  ao  that  It  falla  easeotlally  vertically 
polarized  but  la  oriented  randoaly  within  a  aoUd 
cone,  the  effective  croas.aectlooal  area  la  alao 
a  function  of  the  eooe  angla  and  the  angle  be¬ 
tween  Do  nomal  froa  tha  chaff  enoeaMe  and  the 
electric  field  froa  the  aateaia.  Thla  relation 
ia  ahewa  in  Figure  1. 

The  analytical  work  of  Dr.  Beaaeaer  aaazaao 
that  the  chaff  cnaeahle  la  coapoaed  of  half -wave 
dlpolea.  Thla  la  only  true  It  tha  chaff  par- 
tlclea  resale  essentially  rigid.  If  the  dipoles 
bend  they  will  act  aa  tha\gh  they  had  an  electri¬ 
cal  length  abort  collared  to  a  half-wave.  In 
thla  case  their  re-mdlntloa  effldency  All  ha 

^  Forward  Scattering  Ath  Radar  Cteff,  Dr.  R.  A. 
flesseaer  Jr.  suholtted  for  puhUcatloo  la 
Transactions  of  the  Profeaalcnal  Croup  On  An¬ 
tennas  and  FropaoatlsB. 
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aertoualy  degraded.  At  fretpModea  Awra  the 
chaff  gacitiy  beeoaaa  each  thad  rigidity 
ba  aaiBtalised,  It  ahrald  be  poaaibla  to  ahape  tha 
ct^ff  ao  tlMt  It  will  fall  eaaeatlally  vartleally 
polarised  Athla  ooao  ooUd  angla.  Zsctroaaly 
short  dlpoloa,  2  or  3  Incfaea  la  leswth,  toad  to 
fall  pradgolnantly  lo  a  harlzcotally  polarltod 
poalttoa.'  Sneb  chaff  foUt  at  a  rate  of  about 
2/3  that  of  vertical  dipoles.  Chaff  10  to  12 
Inches  ia  lei^th  aaeaa  to  aaaima  a  truly  raadoa 
oricotatloo.  The  rata  at  wtzleh  tha  chaff  will 
fall  la  a  faoctloo  of  a  esadiar  of  earlahles  sad 
it  oot  too  well  kaowB.  Ratas  as  low  aa  100  to 
300  feet  per  ■tszite  should  be  aehleTahla. 

Tha  path  lots  of  a  aystea  Involving  chaff  la 
tha  aiai  at  the  free  epace  loss  between  the  traaa> 
Bitter  and  the  chaff  eaaeahla,  the  chaff  ohoorp. 
tlon  ant  re-radlatleo  loss,  the  free  apace  lost 
between  the  chaff  aad  tha  receiver  aod  the  effco- 
tlva  croca  aectlco  cf  tha  recelvar  laotrople  ao- 
tenna.  TOM  eaa  ba  ex-prcaaed  as 


■-  /o  /’ey  L‘i  AW*'  4/ 


XU  !•  the  dlmtAAct  trrm  the  De«r  aoteana  tc  the 
cb&fY  le  tiM  dletAnc#  fYOA  the  ehaiY 

cloud  to  the  far  aatetma«  A  1*  v»ya  l«D^h« 
la  thd  «TerA«e  ehafT  croea  aecUoo  atm 
where  9  la  the  ffrrhrr  of  chAff  dipoXta*  % 

coDAtAiit  of  AOd  a  eooatAnt  lAsgth 

to  width  to  Ihlckuraa  rotlOs  II  TATie*  loverAoXjr 
Ath  f  fjr) 

Tha  totAl  pAth  l^a  therefora  vArlei  dlrectl/ 

Ath  A. 

The  aartw  allowable  loss  la  a  fUnctloe  of 
the  antenna  gnlna  aa  wtU  aa  path  loss.  Antozma 
gains,  for  s  given  alza  aud  weight,  vary  Ih- 
versely  Ath  wave  length.  Vlthln  Uutta,  the  aa- 
zlzazB  allnvahle  ayatea  loss  for  a  ayatea  Izzvol. 
ring  re-ndlncloB  froa  chaff  theretora  varlae  di¬ 
rectly  AUz  fz-equeocy.  In  Investigating  ayatea 
perfomace  a  frequency  of  2  kae  v<is  nsauaed.  Dae 
to  the  abort  lezzgth  of  the  half  wave  dlpolas  at 
thla  frequency  chaff  will  fall  isziitontally  pola¬ 
rized  and  therefore  be  ruzdna  in  only  the  a-y 
plazze  mther  than  lo  all  three  planes.  This  zAll 
provlda  a  3db  decrease  In  path  loss  over  purely 
noacm  chaff.  The  2  kac  band  la  alao  aaalgzzed  to 
the  AUtary  azid  la  lightly  populated. 

It  zrlll  be  noted  that  tha  path  loss  vartaa 
directly  aa  the  product  of  the  two  dlatazzcaa  in¬ 
volved.  For  a  given  total  dlstaizce  (d.  /  Dd)  Um 
product  will  Le  a  Azzluio  vheo  either  or  0^  la 

*  KAper  O,  F.,  "A  Study  of  ChafT  Echoes  at  51? 

IC,  raa.  hrvard  IMlverslty  Report  ku-73  Dee 
19,  ISlzS. 
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•  -i-f—  tta*  iJm  ;«th  Iom  vlU  ba  • 

U  tlia  cbaR  is  t^Tsrnii  dliactir  orsr  sttlnr  tha 
iiaaoltter  <jr  tbs  tscsItst. 

n^oia  2  Is  s  plot  showlsii  ths  ralstlTS  patb 
Ini  ss  •  fSoctloa  ot  tbs  slsnt  dlstaoes  froa  tiH 
ehsft  eaa»i*'ls  to  tfa*  saar  sotenm.  It  vlU  bo 
BoUd  tbot  tbs  lystaa  li>as  is  ««tjr  sewitlvs  to 
cbuess  to  tills  dlstsscs*  A  cbsi^  froa  J,000 
fast  to  10,000  feet  at  tba  aaar  tarslml  baa  ttao 
aaaa  cffact  as  a  ebasBe  In  dlstane*  of  $0  to  100 
miss  froa  tba  chaff  cnsaiSbla  to  tba  far  tcrmsol^ 
lb  calculatlsB  aystaa  lossas  It  mist  ba  ko^  la 
mol  that  tba  ebaff  la  alaagra  falllii(,  and  also 
It  BoalnA  boiisnatally  unlcat  tbara  la  a  deal 
cals.  The  slant  liatance  froa  tba  chaff  tnsimilo 
to  tba  naar  antenna  la  tbanfora  a  fuoctloo  of 
tlsa. 

nipixe  3  la  a  plot  cf  path  loat  aa  a  f\ae- 
tloa  of  rnmi  mlcatloo  rviBa  for  a  2  taac  sTatos. 
lo  tbls  Plxma  tba  ebaff  height  la  a  cooataat, 
aqual  to  that  neelel  to  pixnrlda  a  UaC'-of-alght 
path  to  the  other  termoal  pint  a  aareln  of  3000 
feat  to  alio*  for  chaff  vertical  dlaplaeeaeot 
vltb  tins.  Iba  croaa  hatched  area  Includea  aa 
allowBoce  for  Increased  path  loat  due  to  horixoi^ 
tsl  dlspIsuM'iTt  vlth  tine.  The  path  loas  of  a 
•:rttan  empliqrlnB  tropoapberle  aeatter  propa^tloa 
la  Included  as  a  refereoce. 

It  la  evident  frsn  this  figure  that  the  use 
of  chaff  as  a  aeatter  aedlta  offers  a  deflolta 
advantage  over  the  tropoapberle  scatter  node  for 
long  dlataaca  re— mleatlcpa.  la  Investlgstiim 
such  an  application  the  foUovlng  syaten  COb> 
atralots  are  weiadi 

au  A  Iisai mlcatloo  raiwe  of  230  aillaa  is 
datlrcd. 

b.  The  STatea  aboil  be  eopahle  of  suppor¬ 
ting  four  voice  cbanoels  plus  an  order  wlra. 

e.  Sirstaa  reliability  shall  ba  99.6^  or 
better- 

d-  Systoi  aaist  be  highly  Rihlle  and  tbera- 
fore  capable  of  being  transported  In  a  2  1/2  tou 
bxU  truck. 

c.  to  reduce  rulnerabutty  and  reactlw 
tine  antenna  dlaBetera  mist  not  be  prater  than 
8  feet  at  the  forvard  station  and  1$  feet  st  tba 
rear  stattoa. 

For  rellsblUty  a  fade  asrgln  of  IJdb 

aist  ba  nlluued.  Tbe  oolse  pover  lo  the  receiver 
17  for  en  17  hacdwldth  of  100  tea  and  a  bdh  ra- 
oelver  Oblsc  figure  .  .20l»  /  JO  /  b  •  -IJOdbv. 

The  Elnlsun  received  pover  vhleh  vlU  permt  a 
IJdb  fade  aargln  over  a  lOdb  threabold  -  -IJO  / 

15  /  10  •  -125dhw.  The  path  lose  of  a  250  sdla 
chaff  re-radlstloo  ayaten  Is  2lbdh.  Tbe  effec¬ 
tive  radiated  power  mat  tberefors  be  2lb  .  12J  • 
BjdW.  Ssiumlng  an  6  foot  dleh  at  the  forvard 
tenalDal  and  a  IJ  foot  dish  at  tbe  r^sr  termoal, 
s  total  gslD  of  il.5  /  37  .  68.5db  li  obtalned- 
Wlth  this  antenna  gain  a  transmtter  power  of 
20.5dh  la  needed  to  achdeve  the  69db*  effective 
radiated  pever  required-  20.5dhw  le  112  vatta,  a 
trenanltter  which  la  actually  only  "Jeep”  elsed- 
If  tnaller  ntenna  dlehea  vara  daslied  and  a  1 
lev  tranenltteT  In  a  2  l/2  ton  bxb  vehtcla  was  ac¬ 
ceptable,  the  axes  of  the  antenoa  gains  could  ba 
reduced  to  89  -  JO  •  59^«  This  total  aateonn 


gain  can  ba  obtained  using  a  6  foot  disk  ad  tke 
fonmrd  taralnal  and  an  6  foot  dlah  at  tbs  ram 
tenlnal.  Bach  chaff  emAscevat  would  provUa 
over  20  stiaitas  of  coammlcatloa  half  tbs  tlm 
sad  arm  10  alnutaa  commnicatlan  99^  of  tbs  ttas. 

A  tropospbarlo  scsttar  circuit,  to  obtain 
tbe  atam  coBualcatloe,  would  regalia  aa  aftactlwa 
radiated  power  20db  preater  alnca  tha  boaie  path 
loss  using  this  propogattoa  as>da  la  20db  nofo. 

Eves  wltb  15  foot  dishes  at  both  sndt  a  trana 
■Attar  p<wer  output  of  over  3  kv  would  ba  regtfrsd 

As  a  slngla  chsaaal  voles  sat  s  lOO  wadt 
tronamttar,  eaploylng  tba  chaff  ra-radlatlOB 
■ode,  could  provide  ccwmualcatlons  up  to  300  allan 
with  a  reliability  of  V9^>  Ih  this  ayatea  a  J 
foot  and  aa  8  foot  dlah  are  hypothaalsad  ad  tha 
forward  and  rear  taratnals  raapectlvaly. 

ncferrlng  again  to  Figure  3  it  vould  appear 
that  tropo  scatter  would  ba  tba  prefarrad  propa¬ 
gation  ooiia  for  circuits  of  less  than  60 
Theaa  curves  though,  era  based  on  s  horisoo  (agin 
cun  of  O  degrees.  For  horlioo  sngle  svaa 
greater  than  0  degreea,  tbe  advantage  of  tba 
ebaff  node  Is  greatly  enhanced,  particularly  on 
relatively  short  paths.  Figure  4  shows  tba  Inaa 
due  to  borlsoctal  angles  for  several  dlstaseca. 
losses  due  to  elevated  borltoos  are  Indepcndead 
of  distance  In  tbe  chaff  ooda.  Even  If  tba  berl- 
aon  eagle  aua  is  only  1  degree  tba  chaff  nods 
advantage  la  19  -  3.4  ■  15.6>1>  for  a  50  ntla  drw 
cult.  Tbua  basic  path  loaeea  of  lT9dh  and  1B9.5A 
for  50  mia  tropo  and  chaff  nodea  reapactlvaly  ba- 
cooe  158db  acd  193db  vheo  y  la  1  degraa.  In  addl- 
tlot .  for  a  given  reliability,  tba  fade  wrgla  re¬ 
quired  hceoane  quite  large  for  shorter  eomaunAea- 
tloa  ranges  eeqloylag  tropuepberlc  ceattar.  fi¬ 
gure  5  shows  rellahlUty  as  a  function  of  fads 
Margin  for  various  path  lengths .  for  99)1  relia¬ 
bility  the  fads  narglo  for  a  JO  alle  circuit  eia 
ploying  dual  diversity  le  2fi.Jdh  as  ooepared  to 
X3.Jdb  for  a  200  nlle  circuit.  Most  cf  t*'ls  li>- 
cresse  la  fading  norgln  with  deeraosa  in  Hslfi 
scene  to  ba  due  to  tba  scatter  voluae  balng  st  ■ 
lower  altitude  vbers  It  la  nore  subject  to  - 
pberlc  changes.  When  enploylng  forvard  scatter 
tram  chaff  tbe  only  factor  in  long  tarn  fading  In 
that  due  to  changes  In  abaoopherlc  cooditlona  bo- 
tveen  tba  chaff  eaaesbls  and  tbe  distant  iirtTigg 
The  fading  nnrgln  required  for  a  given  raiinMiiay 
abcold  be  considerably  less  for  tbs  ctoff  mrJim 
than  for  tropospheric  seattar  nods  for  the  shor¬ 
ter  C01  uacntlon  distances.  It  is  therefore 
reasondhle  to  expect  shout  tbe  sane  perfomanca 
frea  tbs  two  ayetena  for  borlaon  angle  avan  a€  O 
degrees  and  greatly  Irprove  perfomsoce  frost  tha 
chaff  tysteti  If  elevnted  borlton  angles  ara  lavdl- 
vad. 

Let'c  lovestlgata  a  slngla  channel  eoAce  ayo- 
tea  having  a  reliability  of  93)1  In  uhl-h  tha  for¬ 
ward  tend  nal  ojat  be  Jeep  aounted  with  an  anteo- 
oa  not  over  3  feet  la  dlaneter.  It  U  asaunm 
that  a  rear  termoal  antcnim  site  of  6  feet  Is 
permstlbln  end  corsmoleatloivs  over  paths  where 
tbs  sun  of  ths  horlron  angles  ore  1  dagrta  or  leea 
Is  desired.  Asrjmng  a  frevpieocy  nodulntad  syi— 
ten  vlth  a  receiver  noise  figure  of  4db  and  on  IF 
bondvidth  of  2Jkc,  tha  nolaa  In  the  recalvar  IF 


’•  • 


U  -StA  /  U  /  h  .  .1S6».  Ika  iliT 
Vovar  for  •  tlBwaliaU  at  10dk  aad  •  flate  — 

or  12<B>  la  -  156  /  10  /  12  .  -13^  Ataairtk 

tnaaaltter  la  cepalila  at  Jaap  ■■■llat  tka 
affactlva  radlatad  powar  of  aaek  a  tnaeaittar 
aiylf^liia  a  3  mt  dlak  at  oaa  aMI  aad  a  6  fMk 
aA  tha  otfaer  cod  vooU  ifi  /  23  /  9  av 
£8dbwa  Jim  aaxliBaa  paUi  loaa  noaU  tharefora  to 
£8  /  13%  -4a  IS^db.  Sock  a  ajalaa  ahnald  to 
eajakla  oT  iat>*l<*lnc  rianiilraMiai  orar  fliatfto 
la  ezceaa  of  100  alloa.  Out  appllcatlaa  for  aaeh 
a  fTOtea  al^Sit  ua  la  Isas  laav  neaanalaaaBOa 
patrol  riaMiiili  atlona. 

la  ■eatlowd  earllar  ta«k  tto  d&ff  bal^ 
aad  its  horlaoital  poaltloa  vary  «ltb  tlaa.  Xta 
iatc  of  fall  la  prlaarlly  a  rt  action  of 
ftamnrj  irtille  Ita  horlioutal  tt1  apl^caaint  la 
jrlm-Uy  a  fVjaciloQ  of  trial  velocity*  World  vlto 
the  wind  Telocity  la  laaa  thaa  10  allea  per  ham 
of  the  tlae  and  loaa  thaa  JO  aUea  per  tonr 
9^  of  the  tlae.  It  ahotiU  to  poaelbla  to  deel^ 
Sac  dlpolea  ao  that  they  aaiald  fall  horlaontally 
polarlxed  at  a  rate  at  ahaat  130  fleet  per 
la  thin  prper  a  faill  rate  of  VS6  2/3  feet  per 
BltMta  ana  ssnaal  alnea  It  alaQllflad 
tlons.  abler  areraae  coodltlaoa  tto  chaff  eoall 
therefore  fall  1000  feet  and  to  dlaplaced  hart- 
aontally  one  alio  lo  6  aliaitea-  Plcgzre  6  sbaaa 
the  relatlre  pnlh  loaa  an  a  ftmctlxa  of  tlae  for 
Tarloun  Initial  chaff  helabta  tmder  tbeaa  areraoa 
coolltlonn.  If  the  Initial  chaff  c^laceaeat  am 
3000  feet  ahora  that  necenaaiy  to  paterlde  1  at 
al^ht  to  the  dlataot  antenaa  a  aleela  chaff  am- 
plaeemt  <nnld  pravlde  coeeauilcatlOBa  for  aote 
than  16  elmtea  half  the  tlaa. 

Under  hlgber  vlod  Telocity  ecndltlaa,  Uta- 
ral  rather  than  Tertleal  dlnplaccaent  vould  to 
the  Urltlng  faxrtor.  Pren  imuer  theaa  ccodltlnaa, 
it  atould  to  poaalbla  to  aalataln  in— ml  rati  na 
for  Bore  than  el^ht  aUaitea  for  cock  chaff  am- 
placcaiTst  99)>  at  the  tlae. 

If  thlB  teclnlt^  could  to  oaed  to  extend  the 
range  of  tba  TBt  toctlcal  IN  e^pneot,  further 
aiplicatlooe  vould  to  pooalble.  At  theae  loe 
fre^jenciea  the  chaff  canont  apioxiach  borlxoatal 
polonutloa  without  tonllns*  It  voald  tberefBra 
to  Decennary  to  ao  deal0i  the  chaff  that  It  wooU 
tcnl  to  fhll  Tcxtically  polarlxod.  Krparlaeata 
am  neceKaaiy  to  deteralne  Juat  vtot  can  to  an- 
ccepUahed  alone  theae  Unea.  For  porpoaea  at 
oar  anclyala,  it  la  aaamed  that  It  la  feeaihla  to 
ao  deslcn  clsiff  tint  it  will  fall  aphorlcally  dla- 
pej-sed  and  rendoaly  dletrltoted  vlthlB  a  conlcrl 
angle  of  20  degreea  ahout  a  Tcrtieal.  Okider  thaaa 
coodltlona  an  fhetor  la  totrodiioedf 

that  of  tba  onuiillng  betmaea  the  and  tto 

chaff  esaaCile.  Aa  abewn  in  Pierre  1,  path  loaa 
with  renpect  to  that  of  {anely  randoa  nrlanted 
chaff  vlU  very  not  only  with  the  conical  ansle 
hut  aleo  with  tto  ansle  totwoeo  the  electrle  flald 
of  the  anteix^  and  a  non^al  to  the  ground.  Vm 
the  20^  ocmtcsl  anela  aaaaBd.  an  adUtlonal  path 
loaa  of  0.7db  la  experleoced  If  tto  chaff  la  di¬ 
rectly  orerlcad.  (  3  ~  9C^)  wtdla  on  caoaidila 
gSLln  of  6.3dh  is  obtained  If  the  argla  la  O  da- 
Srcee.  It  tfau  ch-ff  la  cri>lneed  Inlttally  ao 
that  thla  traDarltlcr  eng.le  la  alneya  leaa  thaa 
70°  dnrlf«  the  oaefal  Ufa  cT  tho  chaff  tloa^^ 


«Ma  — film  loaa  can  to  alnlataod. 

flgnra  7  slTca  tha  path  loaa  tar  oa^mie^ 
ttam  wamgem  of  20  to  30  Bllaa  with  a  aaaftil  Ufa 
amBetaney  of  3  to  10  ulnutaa.  Xa  tJtta  flgnra 
2W  aep-tjia  randcaily  diatrlhutad  la  a  200  oona 
aaaa  aaaatoU  Chaff  balfittt  waa  taton  aa  that 
aaeaaaay  to  provide  a  Una  at  alght  path  to  tto 
fto  aafeaaaa  plua  2300  feet  for  a  Tertleal  dla- 
fliaemeat  with  t'r'.  Ho  aUowaoea  tm  aada  for 
ala— ad  horluna.  The  croas  batchad  area  tahaa 
lata  naaal  dr  ration  ptlna  aad  lonaea  tea  to  horl- 
aatoal  dlsplaccaent  and  ontanna-ehaff 
Ito  aaiftel  Ufa  of  each  chaff  eneanMa  can  to 
anh— Bd  If  tto  Ineraaaed  loaa  toa  to  horlacotaX 
dUplaeeaant  can  to  tolurated. 

ra  nrUiBenta  auch  aa  tha  AIAHC-12  have  a 
Botaa  pnaer  In  tha  IF  of  -204  /  4^4  /6a  -132.6 
Allowing  for  a  lOdh  threshold  aurBia  rs- 
oolte  la  a  alnlaae  recelTsd  power  of  -l42.6dhv. 

Xto  aCScctlTa  radiated  power  la  ifi.Qdhw  ttna 
glTtac  e  mlBUi  path  leas  of  142.6  /  1A.8  « 

16IA.  ms  e^ulpaent  could  thus  to  used  to  sjm- 
a— oato  orer  a  30  alls  dlaaetcr  drcla  with  a 
fhto  Magln  of  23<Ib,  and  over  a  100  aHa  illaai  liar 
cfida  with  a  fade  mrgln  of  I3dh. 

Sar  appUeatloo  for  such  a  syatca  algtit  to  a 
^aenl  toxadcast  facility  such  aa  tba  Bary  *Fljx* 
diatiac  Thla  facility  could  to  used  to  dlataod- 
asla  geeral  infonntlon  or  to  hroadeast  wamli^ 
larsc  areas.  The  audllary  recclvar  of 
■Bdlo  net  tXjnC-Zi  provldaa  a  ready  ■»«"■  tr 
cxt«9d  aacb  cnaaiiTil cation  down  to  tha  pi«en«-.« 
Iraal.  Since  coe  control  atatlon  eaa  corar  im 
aaaa  af  tlmiaaiida  of  t^uaro  atlas,  eoonoalcally, 
tto  tawdxal  station  traoanitteT  card  not  to  Hal¬ 
ted  ta»  the  25-33  vatu  of  the  VHl-12.  A  ona  m»- 
aa&t  eeatxal  station  could  to  used  to  aarvo  aa 
cataxT  osto  area  If  dedred. 

A  aecned  application  algbt  he  as  aa  aairgepey 
raidwruiji  when  eoajuuleatlons  utlhg  natural  — Ti~a 
haa  toes  lost  due  to  distance  or  tcmla.  Tto 
CeoadhUlty  of  this  application  wuuld  Iiln0s  oa 
tto  dcTclojaent  of  an  inexpanslva  acana  of  os- 
pjarlag  ctaff  at  altitudes  of  4  to  3  «*— — e 
fleet.  A  aaall  rockst  type  device  alght  saet  thla 


Bark  to  data  has  been  entirely  thaora^lcal 
la  het^  the  asolysla  of  tha  haaic  techniqus  ty 
Hr.  fcaafLT  and  In  the  a/ateia  fhaalblllty  study 
laaafiifi  d  baraln.  An  experlnental  prograa  la  now 
aaedtd  to  further  Isveatigata  anillcatlona  of  tha 
tartoTiiar  aad  prohleae  in  Its  lapdaLiontatlcn. 
Kirttor  tnfoneatloo  on  tto  rate  of  deecezrt  aad  oa 
Maiujulta  characterlatlca  of  chaff  dipoles  la 
repabsA.  i^thoda  for  tha  e::placesent  of  tha 
ctofT  ■iTitle  In  Its  optljaia  point  In  apnea  with 
tto  etoXf  dipoles  so  oriented  as  to  reduce  syatas 
laaaea  to  a  rlnlxiu  need  to  be  developed.  Analy¬ 
tical  atndlea  to  data  have  Indicated  the  desire 
htu^  af  these  further  inveatlgatlona. 


rucn  MASotiMiiTa  oa  vm  jurim  u*  hmiu 

tfi  C.  T.  ■■  ralulaB 
Anv  Balllatlc  MistU  fi«ty 


mrnuUKt. 

Am  iBtToductloa  ta  tlw  artnlutloa  at  AIDA 
•Ilk  aivHaata  <m  tha  Haaa«rti«  SjataM  Sacclea. 
aiii  ta  tha  JUttm  MlaalU  la  slvaa.  A  atataMal 
•f  the  phltoaafhy  kahtiiA  a  ■aaaurUa  ayataa  U 
mAt.  A  krlaf  daacrlptloa  of  tha  aoAula  ayataa 
la  gtvaa.  laAWlAual  aaanaaanta  ara  ItacuaaaA 
U  soaa  datall,  with  aa^hatla  oa  aatboda  aoA 
agalpMBt.  Ntatloo  la  aala  at  ayaclal  aaaaurf 
aamta,  locluAlag  thoaa  oa  Boakaja  aaA  oa  HAAA 
yaojacta.  A  hrlaf  ai—ary  at  raaulta  cneloAaa 
th»  dlACuSllOB. 


)te«iur<^MnC«  mMim  during  niglkCt  of  €K^«tlt€4 
4mlof>c4  by  th«  Army  ftAlllttlc  H1««1U  Accacy 
«r«  tba  roif^iiblllcy  of  thm  HiMtvLcig  Sy«C«a 
Srctloo.  Th«  yotlelon  of  Chl«  Soctloo  U  Cha 
•r^unlutloo  c«u  bo  moo  oo  Cb*  cbort  to  Flfuro  1. 
Tbo  Secslca  coooUto  of  oovtrol  OaitOk  «oob 
mponilbU  for  o  porclculor  oroo  of  ■eotureaoot. 

In  ord;r  to  prooent  ibo  oeboM  for 

o  lorfto  b«Ulaelc  mlisllo.  Cb«  Ut  voroloo  of  tho 
JDFlTCt  IREM  boo  boon  cboMO.  It  to  aboMi  lo 
rtfoTO  2  ot  tho  iDMnt  of  liftoff  trim  tto 
lo»cblaf  pod  «t  tbo  Atlootie  HIoaIU  toogo. 

Tbo  background  phUooofby  bohtod  Mooura* 

■ntf  on  0  ol^oilo  otooo  Iron,  o  doolro  to  obtola 
deslgM  dato  for  futuro  alooUa  fllghto«  tbla 
want  that  aocb  Mlsolla  fUght  toot  could  poaolbly 
dlccoto  *lDor  doolgn  cbongeo  and  Indlctta  problem 
arcao  for  concantratad  otudy  oo  tbe  cMxt  taat 
fligbt. 

Tho  l^llcattona  of  tbla  ar«  broad,  but  una 
vlilcb  baa  a  profound  effect  la  that  tba  meaaurlos 
OTaKcm  muac  Hava  tha  utoo4i  flexibility,  futbar- 
amra,  a  large  niMba.'  of  meeaurcMnta  are  resuirad 
by  thfa  phlloaophy.  Tbaaa  two  Cactore  conflict 
vltb  oaa  aootbar* 

Tha  fomulaclon  of  naaouTlng  prograaa  bar 
fceaented  certain  problcma.  Ke<)uieata  for  maaeura* 
wuta  ou  tbe  alaaila  gcoerally  from 

Scrncturea  and  Hecbaalca  Labcratory.  Aeroballia'' 
(tea  Laboratory,  and  Culdanca  and  Control  Labora¬ 
tory.  Theta  ara  aaalgnad  rarioua  ordara  of 
prlcrrlty  by  the  originating  laboratcry'a  coordl- 
Mtor.  After  reralpt,  contact!  ara  mada  vltb 
neatimlng  ipeelallata  to  detarvina  feaeiblllty 
avi  availability  of  har6fara.  Thera  la  than  a 
yrocedura  of  obtaining  alactrlcal  y<nrar,  alactrl- 
cal  oatworka,  toUaaterlng  chaimala,  mo\miing 
md  InatalUtloo  coordlnatlc«i«  ate. 

Tha  baalc  alna  of  ABHA'a  miaiurlng  ptograma 
bore  bean  concerned  with  tha  dawalopnaot  of  tba 
nltallaa  tlm^elvaa.  Furaly  *acleotHle"  raaaarcb 
maaiffaMencs  bava  bad  aacoodary  iaiporcaoca  to  that. 


«•  balUvo  vm  bM  boom  auccaaaful  la  yrovldlog 
thia  rrraarTj  vUb  iafoOMtiao  vital  to  tha  dafacam 
^ogTM.  At  tba  aaaa  tlaa  va  bava  yravldad  a 
fraaaii rirb  tar  aaeeiaaaaata  aa  projacta  vltb  pivaljr 
paacafwl  parpoaaa. 

FIfima  3  ia  a  coadaaaad  varaloa  af  a  typical 
maaeurtag  progyaa  for  JUFim.  Tbaaa  will  ba 
dlacueaad  ta  datall  latar- 

tvo  factora  affact  tba  aalactloa  of  componaata 
for  flight  maaavrenaata:  (1)  thay  must  althar 
produce  cr  ba  adaptabla  to  produce  tba  correct 
alactrlcal  avtpvta  for  talaaataring,  and  <2)  they 
fluat  fuaetloa  propatly  la  tba  aavera  aavlrooaant 
ancotaearad.  Tba  flrat  of  tbaaa  coadltlona  la 
aany  caaaa  aacaaelCataa  alactronlc  elgnal  condi¬ 
tioning.  Tha  eafoad  t^llaa  a  rlgoroua  taatlng 
prograa  of  aaej  altaraata  co^eaanta. 

bafora  going  lata  a  dlacweaioo  of  Individual 
aaaa«irexeota»  1  woald  Ilka  to  praaant  aaaa  ganaral 
dlecueaioa  of  algaal  coodltloala^. 

In  tba  early  UDSTCIS  Klaallto  tba  nacaaeary 
atgnal  coodltioalag  waa  accoag>l  lebad  by  a  noo* 
boaogeoeoaa  collection  of  alactronfc  clrcutta 
boueed  in  coateloara  of  varlo>ia  clrac.  A  aora 
hexeogeneowa  grocp  of  devlcaa  davaloped  froa  tbaaa 
leiet  in  tbo  pAwgA**.  They  wvku  pul  ku 

aora  extenelva  waa  on  early  JUFITZBS  (fig-  A)* 

A  aora  ftopbltileated  cyetea  eovolved  directly 
froa  tba  earlier  aeltc,  tbe  principal  cbenfa  balog 
tha  peckagtng.  Aa  can  ba  aoea  In  Figure  5,  a 
aodular  concept  vaa  uaed.  Thie  pen-ilttad  rapid 
exchan^  of  algnal  conditioning  clrcuitt  to  caea 
of  addUtoaa*  delationa,  aodl  float  loaf ,  or  aal- 
functlona.  Several  baate  aodulae  vera  mad  era 
available:  e  eerrow  bend  D.C.  opllflcr,  a  wlda- 
band  0-C.  aapllflar,  a  carrier  aipUfler,  eo  AX, 
aapllflcr^  and  a  power  eupply.  In  addition  to 
tbeea,  thcra  ara  a  fav  epeclal  puipoea  aodulec  eucb 
aa  a  flovaeter  catvertwr,  a  aervorveepar ,  and  an 
invarter  frequcocy  adaptar,  FIgura  b  outllrac  tha 
baelc  f^atctlooe  of  tba  aodula. 

Four  typae  of  praftura  traniducarc  vara 
coaaonly  uecA.  The  aoft  popular  vac  tha  pocentl- 
caatcr  type.  Vltb  it,  tba  dcalred  alactrlcal  out¬ 
put  for  cclceeterlng  (0*to  5  v.d.c.)  wee  obtained 
without  ai^llflcattoa.  It  had  ILmltad  fraquaac.y 
reepooaa.  For  higher  frequency  rcaponee  ,  aaallar 
alee  and  aaaller  Una  voltaa,  tba  atraix -gage  type 
vaa  eoaatlaea  need.  Ita  output  raqulreg  ai^ltft* 
catloe.  For  greater  accuracy,  and  higher  frequency 
teapeoae  that  the  poteatloaater  type,  Vlbroccea 
gaga  wee  aaaeclaae  weed.  Ita  accuracy  steaed  froa 
cllwinatioa  of  two  analog  coweralcn  itepi  la  tba 
ovar-all  data  ayatea.  Figure  7  ebova  aoaa  tj^acel 
praaatea  gagaa. 

Far  aaaaiaeaBat  of  vary  low  praaataaa,  e«tch  aa 


<tr«  TP<»tT«4  tt  U|4i  altttaia,  tkm  UfhMna 
««•  «m4,  nc««  •  akon  tlai  gaga  ml  aaaorlata# 
atVMl  cnaJltloalag  aiif|Mnt.  laolaatloa  ot  a|r 
■alacalaa  «aa  acen^llaka4  bj  nau  of  a  ra41aactiaa 
wataital  (Trttla^.  Foaitlaa  and  aagatlaa 
tawlaala  collacta4  tba  loaa  aa4  caaaa4  a  i  Mnat 
floa  ttaousb  a  canactlag  raataUttoa.  Sy  aatac- 
tlea  of  raatataaea,  aaxlaaa  raagia  aara  coaant. 
Saatauaca  avltcUag  baara,  taaga  aaltchlas.  aaa 
accaiVUaba4  aataaaUcally.  It  aboal4  ba  aata4 
that  tbla  4aatoa  ■aaa«n4  tba  auahat  af  loaa  gar 
aotU  valHa,  tatbar  thaa  grataara  41xactlf. 

Callbratlaa  of  tba  gotaatloaatar  typa  aagaa 
«aa  acca^llaba4  by  ce^garlaaa  ta  a  callfarata4 
aaaUa  of  walgbta.  Vlgm  9  la  a  tygtcal  call* 
bcattsa  aat-av,  oalag  a  4aa4  aalghr  taaca'. 

Taggoratwaa  aa*o  aaaaara4  by  MOaa  of  tbaraa- 
coogUa,  tbaragglloa,  roalattaua  cbaiaaMtari  aa4 
theralatora.  Tba  oatgot  of  tharaoeongla  aa4 
tbanogtlo  tyga  oaa  aatnaatltally  co^ooaataf  far 
tha  rafaraacfl  Jiaactloa  taa^araturo  by  aa  '****- 
4aaolapa4  drrtea  banoa  aa  tha  "acaa  bga"  fVtg.  10}, 
thaa  oaa  aaf>ll(ta4  by  a  B.C.  acvlKlcr.  fMalat- 
aaoii  tkaraouiKart  aa4  tbaradatora  vara  aaa4  aa  oaa 
ara  of  a  Oaflactloa  VrlOja.  O.C.  g<anr  at  aboat 
4  aolta  oaa  tagglle4  vltbia  tba  algaal  coa41tiaa> 
lag  aqatgaaat.  fba  ootgat  froa  tba  brt4ga  oaa 
MgltflaO  by  a  B.C.  aigltftar. 

Catlbra.ioo  of  tc^garatm  gagea  oaa 
aeco^llabeO  oltb  to^atatora  caatzollaO  iIHrnaa 
ell  batka  (■'Ig.  11). 

Vblta  tbcra  baa  boea  oecaalooal  ua  of 
ooioclty  glcknga  ar4  aUala  Mta  accalax<aatota 
for  albtatloo  aeaaaraaaota.  tha  JUMIU  gcograo 
ralU4  oo  tha  cryctal  cr  glaaoalactrlt  typo  far 
tha  a>tt  port.  Tlbratloa  ttaaafocata  ara  abooa 
la  flgura  IX.  ty  aaaua  of  high  tavadaaca 
aaglUlcra  ot  catbeda  follooara,  tbt  fratlueaRy 
roagosao  could  ba  aa  loo  aa  X  c.g.a.,  ualag  tte 
cryatal  typo.  Objoctloaabla  llaa  pickup  by  aHa 
high  li^Mdaaoa  davloa  oaa  aao^dag  by  haalag  tba 
ai^Ufltf  built  Into  tba  plck^,  aa  la  aoaa  la 
Flgura  12.  Tba  cryatal  tyaa  ba4  tba  adraacaga 
of  blgbar  fnaoaacy  raapooaa  orar  tha  atrala  gaga 
typa.  Tba  ^locit*  cmtpuC  r«^aix«4 

•ubJ«ctLa«  CO  0  fjoro  outjott  «fc«r  d^tm 

c«^u?.flcla«  la  c«M0  ia  or^M  to  7lot4  cte 
laConotloo  imuhi 

For  pltck  «ad  ym  lotacol  occolorotloo 
Motoromtog  potaattm^ror^typo  tcoloroaotoro 
v«xe  uaad  la  both  tlm  aooo  c«oa  004  tbo  boottor. 

ai^hasti  ia  tha  JOTITZI  wot  oa  otoctrw- 
BO^tlcally  rotCT«lBe4  wolttg  onch  oo  Lhatm 
KSruaufoctorod  by  Do.mor.  Acoolorcaotoro  aro 
pictured  la  Flgwo  13*  Tfaaoo  wovo  wood  boroooa 
tboy  Azm  copoblo  of  tho  4oolrod  hlth  occorocy 
of  O.i  j  which  ttopcelolly  uoofnl  for  otodloa 
of  loDgltudlnol  ocoolorocioa  ot  tho  tlao  of 
liftoff  o*  cutoff.  Tholjr  operocloa  VOS  so 
follcwb  occeltxottoa  Acted  oo  o  *000  cooaoctod 
Co  0  collg  Khich  aovcd  wlthlo  tha  flold  of  o 
porosoont  nagrct.  i:ot.lQo  of  tho  aooo  woo 
detcctod  by  O  VODO .  Ao 

oloctToolc  circuit  di  .totod  o  current  lato  Cht 
coil  to  tkot  ibo  wK»tk«a  woo  roocxolaod.  OvCpwi 
wolu^t  woo  plckod  ocrooo  o  roolotor  la  owriaa 


wtck  cha  coil,  haaia  ovitchlat  voa  porfocBid 
*«rta^  tllShe  CO  toko  full  odvoatoaa  of  tha 
taor.riiiit*o  oecuroey  Colibrotloa  woo  acrw 
plLafaod  «a  a  caatrlfuga  ar  a  tilt  table. 

All  floo  ooaauroaoDta  la  tho  JSrtm  gropoa 
■on  >040  oltb  turblao'tygo  aotara.  Tbo  gooiop 
of  a  aapat  la  tba  ttrblao  gaat  a  plcki^  cell  ooa 
totoaotara4  oo  that  a  froguaacy  gropoctlaoal  to 
oolmo  floK  rata  oaa  racer4a4  (Fig.  14).  Accuracy 
■aa  Iputraat  bacauaa  «ra  <taata4  to  atody  datatlo 
of  goocr  gloat  parforaaaco — which  voold  baoa  faaaa 
lipeaolhlo  without  accurata  data,  gy  teawlag 
dataila  of  potfaraaava  It  was  auoa  goaalbla  to 
otwdy  aorodyxalc  drag  dwlag  flight.  Aa  data  oa 
Maa  flow  ware  daalrad.  coavaraloa  fro*  uolaaatrla 
floo  ooa  aada  by  raforooco  to  daaalty,  which  la 
tan  ooa  cotractod  by  a  taagoratura  mmmamammt. 
Collbaatloa  wca  aoda  with  water.  A  coouoralea 
farror  waa  dataralDad  by  arporlasat  to  ytald 
correct  date  lor  llguld  uaygaa  or  foal. 

Ia  ardor  to  vailfy  lafarootloa  fcap  flow 
■oaaoraoaato  aad  to  accurately  dataraloo  tba 
aoeoBt  of  raaldual  propollaata  oftar  rot'off. 
lifold  lauol  aaaauraaoDta  wora  aodo.  Tbrou  ■alboda 
•aero  oacd  to  sccoopllah  thla.  Ooa  lowolaod  tba 
tolomtcrlag  of  a  ralaydatluod  algnal  each  tlM 
tba  llguld  gaa  latarfaca  paaaod  a  dlicrata  golat. 
Tba  dlacrcta  point  wot  detcrmlacd  by  lacatlaa  of 
o  gotaaalacCTlc  proba  which  ulbratod  oxcopt  «rboh 
d»p»d  by  ligold.  A  niaabor  ot  such  ptobaa  laara 
■oacoally  laclodod  la  tha  taok.  Another  aetbod 

oaa  of  cba  chaafa  In  capoclcaaca  of  a  30-la 
looag  coacMtrlc  eyltnilrtcal  capacitor  (Tig.  11). 

A  oorro  oyateai  than  balaoccd  a  capacltaaea  brldga. 
?ba  output  was  dartvod  froaa  pctootlooatata  oo  tho 
oeroe  ootcr  abaft.  Accuracy  of  0.2  loch  out  of 
tha  30-if»cb  Itegth  uta  poaalbla.  Thla  proba  waa 
gaaarstly  locatod  ooar  tho  bottoo  of  tba  took  to 
•tirfy  rcalduola.  Tba  third  oatbod  iatvolwod  o 
dlfferoatlal  ptaaaura  eaaauroaaDt  batarcca  the  teg 
ood  bottoa  of  tbo  taah. 

Sloahli^  of  propellant  llgulda  waa  Moaurod 
by  onaaa  of  o  dlffaraatlol  ptnaauro  enaaviaaat 
bot»»ooa  tba  too  aldoa  of  tba  tanks. 

Tbroo  types  of  angle  of  ottock  entars  wnro 
wood  t<w  BAD  ■sasurtoanta.  lo  oowt  cosos  o 
gotcatt.Mtar  output  waa  used,  olthougk  A.C. 
glcboff  ayataao  veta  anploysd  whoo  tba  oatar  was 
aa  octlro  port  of  tbs  alsslla  control  syaraa.  The 
tbroo  typaa  arc  abown  la  Tlgora  It.  They  on. 
froo  left  to  right)  o  dlffaraatlol  prosswo 
proba  typo,  o  wcathorvaaa  typo,  aad  a  oedga  raas 
typa.  Tha  wcatborvano  typo  could  bo  oaod  only 
•rhea  M  oatasatoo  booai  la  paralttad  on  tbo 
■loallo'e  aoaa  tip.  Ia  that  location  tbiro  woo 
laoa  cocpllccttoo  ol  tbo  sir  atroM  by  tba  praaeoca 
of  tbo  ■Isallo  body.  Hcaiarar,  o  boon  was  oaually 
ant  practical,  so  that  "local"  aatera  ware  roqulrad. 
Tbaao  prottads  froai  tba  sides  of  tho  alaallo.  Tbs 
proho  typo  bad  two  slots  lo  the  protcudli^  shaft 
at  aa  angla  to  aaeh  other.  Uhoa  the  oagla  of 
•ttach  was  ouch  that  tha  proasura  produced  la 
tboaa  slots  was  not  equal,  the  dlffarntUl 
proar--ro  producad  cauaod  tbo  shaft  to  rotate  until 
It  woo  onusl.  Tha  mount  of  rotatloo  waa  road  out 
oa  the  poaltloQ  ot  aha  alldsr  lo  a  potoat  lone  tor. 


I  • 


»  • 


»  • 


la  apaiMi^  mt  tata  oraa,  1  raSar  ta  tkaaa 
um4  aolalj  ba  Mi—rlaj  ycfoaaa  —  aoC  for 
aiatlla  eoacrat,  bta  tffroa  ara  alwaa  U  rifura 
11.  Tbay  aaaa  ■aa4  ta  aaaaaca  aaselar  aaloelty 
la  tha  tlma  .aa'aaa-  pltck.  par,  aad  roll.  Tha 
aajpkituda  e(  aacaa  aaa««ra4  (HO  Oagraaa  par 
>vcod4)  aara  aaall  eac^paraO  ta  aircraft.  VUla 
acaa  »lck  OX.  laatara  kvra  kaaa  aaaO.  traak  aaar 
la4  «a  to  aaa  *X.  ajorkraaeai  aotora.  k.C. 
plrk-effa  aan  aaaatallp  aaa4  to  aaatiaa  cka  rata 
of  aatloa.  Ha  cproa  aara  aprtas  raatralaaO. 

Tka  aalta  «Mxa  callkxaco4  aa  a  rata  takla. 

Irrcr  at^iala  froa  tka  (ulOaoca  aa4  coacrol 
cqalpaeat  aara  aaaltoraO,  Mi>«t  of  Ckit  cqulpaaoC 
oparaccd  fraa  a  ptaclaloa  400  c.p.t.  acpplj  Tka 
error  algoalo  appaara*  aa  a^llttaJa  anblatloa  oa 
400  cpciaa  canrtcra.  Tkla  aaa  eoavarta^  to  a 
aarlabla  aapilltata  D.C.  aoltapa  bp  tka  carrlar 
aapllflar  aaftila  ca  aitaprar  prarlooalp  aaaClaaaO. 
Theaa  arror  alptala  vara  boa  aarao  loops  ahlck 
pavfona  aock  finctlooB  aa  gjro  raatratat^ 
poalrloo  actaatata.  acc. 

Tartoua  aaaatfCMnts  af  currant,  voltagn, 
aad  fraaucDcy  vara  aada  ua  tka  alaslla'a  poaar 
auppltaa.  Par  ^aaopta,  caa  projoct  kad  a  O.C. 

Botoc  to  apla  tka  ^per  atapaa.  Tha  carraat 
dravn  bp  tkla  aacar,  ablck  at  tlaaa  aaat  up  to 
about  300  a^cna,  aaa  ooalcorcd  bp  a  ao-callad 
‘D.C.  tranafaaaaa*.  Tblc  darlca  coualstad  of  a 
■alette  a^LiUcr  alth  tka  aiulvalaot  of  a  ono* 
turn  control  vivJIng.  Tkla  alndlnp  aaa  actuallp 
tha  lead  atre  t»  tka  aotor,  and  aaa  aliplp  paaaad 
rkroupk  the  rantdal  traiufanar  cora.  Tkua  tka 
dlaadvaatapaa  of  abuota  and  brokai  cococctlona 
acta  aroldcd.  Adaptcra  for  c«sraat,  eoltapa,  aod 
frapuancj  ara  tltam  la  Flpare  1$. 

Oat  of  rka  pousr  aappHea  aaa  a  40-anlt  O.C. 
aupplp  uacd  la  clreulta  aaeb  aa  faedkaek  poCantl* 
raetera  ao  tkac  Ita  ealua  aaa  critical.  It  aaa 
■onltorad  la  aask  a  aap  Chat  full  acala  output  of 
tka  aeaaurcaeac  cjoaared  tka  ranpa  of  33  to  63 
eolca.  Tkla  vao  occoopllshad  kp  waana  of  a 
voltapa  dlpldca  aad  a  mar  dloda  rapulatad  pever 
aupplp  aklck  caaocllcd  Oat  part  of  tha  aolcapa. 

A  xancr  dloda  accuracp  of  O.iX  ploldad  a  aaaaurlap 
accuiacp  of  IX  far  tltac  particular  ratpa. 

Tta  precialaa  CLalap  apatea  of  tka  puldanca 
apatea  vaa  kaaad  m  tba  frofuaocp.of  a  400  c.p.a. 
Inrertar.  Tkla  aaa  bccauaa  apnchroooa  aotara  ara 
uaad  In  uroa,  atr.  In  aoat  caaaa,  accoraclaa 
betvcea  10.002  aad  10.013  of  rated  fraiuanep  vera 
retarded  aa  caaaaaarp*.  la  anaaurlap  tMa  fra- 
quecep,  tba  4C3  c.p.a.  slpnal  vat  aulctpllad  up  ta 
40,000  c.p.a.  aad  cCi^arad  ta  a  40,001  c.p.a. 
a^pnal  froa  a  ,rrpatal  oaclllator.  Tka  dlffarcoca 
frcq-.aQcp  vaa  cWiarn  ao  chat  a  dcvlacloo  of 
10.23  c.p.a.  la  tka  Isvartar  frequeoep  correapooA- 
ad  to  a  beat  ftwoaencp  ebaopa  of  130  c.p.a.,  ao  that 
analpala  oo  tka  Erouod  could  dacaralaa  tka  actual 
loverCar  fre^araep  praclaelp.  Crpatal  oaclllatora 
vera  obtained  aaakla  to  3  parCa  per  alllloo  ovar 


*  nUpulaclcB  af  Alrkeraa  RoCatlnp  laracrtart," 
W.  J.  Kralder  aod  ■.  Jaapar,  Klactrlcal 
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a  (to  boora  ttaa.  Tha  tnfmucj  vaa  chackad  Jvat 
atfaia  lift-off  of  tba  adaalla. 

Samd  tatcasltp  na  of  fataroat  ter  aaearal 
raaaooa.  klpk  aoaad  Icvela  caald  hoaa  daaa«las 
Inftuaaca  oa  alactraalc  epolfaaat  ar  awa  caaaa 
laclpua  ta  parta  af  tha  adaslla  aCToetara.  imf 
plant  ta  carry  mm  alll  alaa  ha  tafloaawad  bp 
tkla  factor,  la  lapa  aaklrlaa  tkara  la  aaaa  tha  ^ 
poaatbllltp  of  daaapa  to  aarrai adliip  o^alfMat, 
paopla,  or  kulldtapa.  Maaawaaaat  vaa  aada  with 
an  ordlnarp  aternphna,  aa  Altcc-Lanalap  capncltac- 
tppa  iBlt  bnlnp  aand  ta  naa  pcajact.  B^alpaaat 
for  aeaaureanat  ef  a  aoand  iataaaltp  divlnp  fllpkt 
In  ahovB  In  Flpara  1*.  Baalpaant  for  callhratloa 
aod  poec-fllpht  aaalpala  af  tkla  vaa  mllabla  ta 
o\d  laboratarp. 

Slpnala  fma  paldMca  aad  cnatrel  apalpwat. 
auek  aa  ppro  poaltlaaa,  artaatar  pdelcitaa.tlpaala 
froa  puldaoca  coa^tart  ladlaatlap  valocltp, 
diaplacaaant.  ate.,  aara  alaa  aaaltorad. 

A  aav  oraa  endatkalap  atadp  ta  that  of 
aaalpela  of  vlbratlea  aad  avead  Iataaaltp  data 
vlchtn  tka  alaalla  darlaf  fllpkt  bafara  traaa- 
alaatoo  to  tha  ppocad.  Tkla  ta  of  interaat  ha- 
cauae  tba  lafaraatlan  kaadbldtha  dnalrad  ara 
bepond  tka  talcaataxliW  capokllllp.  At  praeaat 
vlkratloD  la  atodled  aalp  ep  to  1,000  c.p.a., 
vklla  ckera  la  Intereat  auch  kipher.  Ar  aaalpala 
will  ba  perforaad  lacar  aarpoap.  It  It  poaalkla  to 
pat  aretad  tba  kaadrldtk  proklaa  bp  la-fltlkt 
treacaeot.  To  ■  ■  rn^ltak  tkla  va  uaa  a  avail  black 
kor.  ftbratloa  (ar  a  mad  Iataaaltp)  data  pn 
into  It.  TWO  etpnala  cnao  aett  (1)  data  la  carat 
of  avplltuda  of  cko  data  vartva  fttaonaep,  aad 
(1)  tba  anplltuda  dlatrlkotlaa  of  tba  data  aa  a 
atatlatleal  kaaia.  HblU  tbit  will  aet  pa  doaa 
to  frepuanclaa  loaer  tkaa  30  c.p.a.,  aad  tras- 
ticota  occurrtap  la  lata  tkaa  4  eacnoda  ara 
aleied,  a  prtac  daal  of  arafal  laforvacloa  la 
aada  avaltakle  ta  aid  la  datipn  of  atTucCoraa, 
epulpaant,  otc. 

la  addltloo  ta  tho  ■•Itltvdo  ef  aeaanraidnta 
aada  aa  part  cf  tka  lAO  pbaaa  of  alaalla  devalnp- 

aent,  tbaro  are  oftea  a  (aa  apactal  laaamaaatt 
of  a  aura  *‘pura  raaearck*  anm  TVo  aetakla 
aaa^laa  vblck  kaaa  bona  vlAalp  pvbllclaed  axa 
vraauranaota  oa  bteleplcal  peaaanjara  aad 

aatalllto  veklclat.  Tlpvra  10  akewt  tba  alpaal 
condltlooinp  oqulpaoM  atad  altk  Konkap  Abla  oa 
bar  trip  into  apaca  laac  mmmrr.  A  tlallat  hot 
tanllar  unit  accoa-aalod  kahar  ta  tka  aaaa  fllpkt, 
and  acco^aoltd  Old  lallabla  la  Oecaokar  19S0. 

Tkla  ofulpaeat  laclvdad  aaearal  clxcnlta  ef  earp 
advaocad  tppa  vUeb  pandttad  telaMtarlrp  of 
tuck  paraaatura  oa  alactxacaidloaraaa,  kaart 
aounda,  racplrator^  rata,  mi  hodp  ta^paratiaa. 

Aootkar  broad  ana  la  which  ve  ara  anpapad  la 
that  cf  aclantlflc  aatallltt  inctruueaCatlca.  Tka 
JVM  11  conclata  of  a  aedtflad  JOPITZf  .with  3  vppar 
atrpaa  of  acalad  dowa  Sarpnaat  rnckaca.  Tte 
1  .latruacntatloa  for  aoeeral  S13A  alaalrata  ef  tha 
JU:;0  11  la  pactlallp  tka  n^nnalbilltp  of  oar 
»»<>'»• 


Altar 


reus  fUplata  ef  JBPnil  tkarv  krev 


bMa  ^f7  *W  **tl«»««  iD  th*  Miturlnt  •7*>**- 
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ttxm*  *1  ■iMtU  c««|>ooeot»  v«t«  pln|>oliit4a  bj 
th*  uMMUi*  •!»»*■•  «»*•  »y»t« 

—4.  4lrKt  t*  t>’«  4«v»l«y««t 

at  tta  mltUU.  U  •4dltloa.  th«  ■•••utln*  ayi- 
fa  coMtaatly  pto*l4lnt  lofor««tt«  «■ 

rulom*  ofaxatUm*  at  tk»  vhlck  4*  * 

c(iDtilb*<to«  to  oo»  undcr»t»odlo»  ol  tho 
«dvMc*4  altolU  <a4  ipot*  proJ«ct». 

fl^4  11  akoM  •how*  th«  JUfltra  at  th« 
ceocluloo  at  lit  1500  .lU  flUht!  a  ll*t» 
tm-aaUj  lot*  »ha  atw**?!***. 
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O.IX  ACCURACY  TAfiUfiLC  SPCCS  GWtKJL  STSTEM 
loula  Oocdus,  t)«fens«  ProduoU  DiTi«lon»  Ftlr«hlld  Caaera  uMi  Inatruaent  Corporatloo 


Dmaxcnoi 

TT)ls  aXtemoon  1  InlaiwS  to  d«4«rlb«  tvo  DC  to 
AC  Corrrert^rs.  Or.e  is  used  pover  the  wtor  la 
th«  FalrcMld  developed  KS-?)  Hi  Acuity  Aerial 

Reeocoaiesance  Caaera.  The  aeoond  and  am 
accurate  systea,  nov  In  the  final  devclopoental 
sta^e^  vUi  be  used  In  the  Fairchild  KS-V)  Caoerm. 

lo  the  above  tvo  canera  aysteoa#  as  In  aovt 
reooQnalssanee  canerta,  the  loage  la  aovlnf  while 
the  erpo^^^  la  being  aade.  To  get  the  ultleate 
resolutlOQ  capabilitlea  uf  t)»e  lena  flla 
natlor  It  la  neeesuary  to  inove  the  fllB  et  sneb  a 
rate  that  the  relative  lootlon  of  the  Inge  la  zero 
during  erposure.  *n)l8  film  faoilon  la  called  laage 
Motion  Cozperisatlon.  A:;  can  be  readily  perceived, 
this  not!®  ftiSt  be  of  correct  average  velocity, 
and  oust  be  free  froa  Gutter  or  lr\atantAn«<r^ 
velocity  vaiiatlopa.  Certain  eechanlcal  errors 
Inherent  Ic  all  caiftera  designs  llwlt  the  Instan¬ 
taneous  Telocity  errors  to  sooe  finite  value.  The 
accuracy  t>‘.‘eessa*7  for  the  trotor  drive  In  such  a 
syatec  kt  statistically  detemined  based  ao 
the  desired  resolution  ar<d  the  probable  error* 
inherent  la  the  airchanlcal  design.  For  the  atove 
high  resolution  caoeras  the  tolerable  error  lo 
acsolutjr  evloclty  Is  extrcoely  smll.  Konaal 
servo  aaetl'Ofl^!  proved  Inadrouaie  to  the  Uak  a*»d 
a  ne«  atable  aec’irata  drive  syatea  had  tc  be 
devised  to  pertdt  oa^rs  jv>^rormj>ce  to  ueel 
desired  specifications. 

Figure  1  shove  the  requlreacnta  of  the  FCIC 
KS-^5.  To  obtain  a  resolution  of  0  lines  per 
alllljacter  the  motor  speed  nuct  be  held  la 
over  a  rarge  of  about  JO'K)  to  1^,000  Rrtl  and  aloce 
♦he  Bjotor  Is  truly  aynchronoue  this  aeans  that 
the  notor  drive  poser  frequency  »isl  be  held  to 
t,7  cps  onr  a  rarige  of  otcut  100  cp*  to  ^00  cja. 

Figure  2  jhovs  the  requlreiient*  of  the 
FCIC  )CS-50  canera.  Here  to  obtain  the  required 
resolution  of  80  lines  per  plUlaeter,  the  BOtor 
speed  ois*  te  hold  to  ?12  RBI  over  ^  :Jpced  range 
of  abojl  ^yJO  to  12000  RTIfl  correapoodlng  to  a 
frequency  variation  of  t,4  epo  over  a  rtrge  c*f 
about  103  to  4OO  epa. 

The  classical  approach  to  DC  thrive  Is  to 
use  AC  or  £C  Tacho^nsters  os  referenda  element* 
in  a  clos^.d  loop  servo  syolea.  However,  the 
torque  rarlaiions  during  a  canera  cycle  are  o< 
sufficient  aigTiltodc  to  cause  Intolerable  spared 
fluctuatlooff.  Temperature,  find  linearity  errors 
are  also  difficult  to  control.  The  Input  ccewand 
is  a  Uu  proportional  to  the  velocity  of  the 

aircraft,  divided  by  the  altlt'jde  The  AC 

Taohorseter  systea  voild  mke  recescary  the  con¬ 
version  of  thla  DC  V/H  signal  into  proportional 
AC,  ThU  circuitry  la  oosoplloated  and  resulta 
could  be  Inexact. 


A  atudy  oaa  aad#  of  the  oonatanoy  of  spaed 
of  hysteresis  synchronous  ootors  under  coostant 
frequency  eondltloni,  and  at  the  various  eoatea- 
plated  speeds.  It  was  found  that  under  full  stai- 
lated  load  conditions  the  observed  speed  fluotu- 
atlons  sere  sell  slthln  the  allotted  aotor  toler- 
snee  error  of  The  ohsracterlsties  of  this 

Botor  nda  an  open  loop  design  very  sttraollTS. 

The  developoenta  In  the  solid  stats  field 
slthln  the  last  fee  years  have  aade  open  loop 
control  praolloal  for  high  accuracy  systeae,  when 
precise  cooponents,  are  available, 

Kosever,  the  necessary,  precise,  supporting 
ooiEponcnts  sere  not  S'vallable  either  In  the  re¬ 
quired  size,  or  accuracy.  Fairchild,  therefore, 
had  tc  d'.velop  all  the  oooponents  used  in  both 
the  KS-?^  and  KS-50  DC  Drive  Sysles,  slth  the 
exception  of  the  4  decade  potenilofieter.  (Tbs 
actor  was  developed  lo  our  specifications). 

The  ICS-2^  Drive  Systea 
A  D,^scrlDt!nn  of  Cn«pQn#nte 

This  drive  systea  Is  baaed  on  tha  fact  that 
the  rate  of  flux  excursions  betveen  saturation 
end  point:  of  square  loop  tasg;>etie  core  wtsrlsl 
can  te  predicted  to  slthln  close  tolerance,  l.e,, 
according  lo  Faraday’s  I.a*  of  Induction,  If  the 
flux  is  changed  rapidly  froa  one  sstuntion  level 
to  the  opposite  saturation  level,  the  tlae  taken 
is  dlfv'Ctly  proportional  to  the  drlvlr^  voltags: 

Vt«i  -2R  0  mt,  X  10  so  if  0  bbx.  1b  a  constant 
Vt  Is  a  constant. 

Where:  V;  is  tlic  driving  voltage  (In  this  case 
the  V/H  signal) 

t  Is  l/2f  where  f  is  the  reoulUng  square 
save  frequency 

N  Is  one  half  the  loul  prlasry  turns 

04»  ^  X  A  where  ®M  Is  the  saturation 
riux  and  A  Is  the  cross  »eollonal  area  of 
the  core. 

The  entire  design  was  therefore,  based  On  pre¬ 
serving  the  constancy  of  this  driving  voltage  and 
the  core  osturatlon  riux. 

Figure  1  shows  In  block  dlagraa  form  the 
systen  that  resulted. 


ITie  heart  of  this  systeo  la  the  tso  phase 
flux  type  of  i!*ultlvlbrator.  By  an  exacting 
effort.  It  S88  possible  to  i»ko  this  relatively 
simple  circuit  give  the  desired  perrormnoe. 
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Typp . 

Picture  Sise . 

liBge  Uotlon  Compensation.... 
Lena . . . 


Shutter. . . . . . . 

Shutter  Speed . 

Resolut ion . 

Uix  DC  Speed  Deviation . 

Size . 

Erllralcd  Total  t'clght  Loaded 
Opvmtlon  l  Tompvmture . 


KS^  C«JKr«  System 
Datm  Sheet 

...Hi  Acuity 

.  .*-1/2”*  4-1/2* 

- 4  to 

...24*  Focal  Length  -  r/4.  High  Rcaolutlon,  Splaa  lens 
ao  Lines, 'Ul  A«AP  -  lo»  conlmst  (2:1  -  Rnllo  la  Serfoo* 
Brlghinesa)  Autosatlo  Foci-slng  -  Lens  PosltloB  Aesurooy 
.OCX* 

...local  Plane  Typs 
...1/2^  to  lAOTO 

...45  Llnc.^/l•l  at  1/25  second  Lo»  Contrast 

_ To  obtain  re^ulied  rosoVjtlon  r22.5  RIH  (t.75  cpt) 

.  ..'.1*  deep  »  l4"  deep  x  40-1/2*  long 
...150  lbs. 

...t'“Fto 


nCURE  1 


A  trano IclorlvCd  op«?rfttlon  »1  ftr.pllflcr 
was  developed  -ind  i-  u;*cd  lolh  fer  the  '\cco- 

racy  poaer  '••upply  tind  the  IwOlatlcn  arpllfier.  A 
,  Dvc'ide  potontiorTi-'ter  .«:up?lle3  the  V/'H  voltage, 
through  the  IcolQllon  anpllfler  to  th-*  fl jjc  oscil¬ 
lator.  Ita  output  Is  a  tove.  The  llrear 

Integrator  convert''  the  :^Tjare  wave/?  !r*o  triangles 
which  rinolly  uppeer  at  the  notor  teralrnl:;  ‘ifter 
going  through  a  buffer  arrplLfler,  powrr  amplifier, 
and  coupling  ncUorlc. 

The  operational  aepllfiers  aodulco  are  solid 
slfttechopper  .nUiblllzcdJ  the  Input  Is  differential, 
and  the  output  single  ended.  Tno  tnrvl  pass  Is 
narrow  to  fcinlnlze  noise.  Open  loop  piln  Is  1.5 
xlO^.  EqulvalciJt  Inpjt  noise  level  Is  abotit  1 
millivolt.  At  it  Is  capable  of  supplying 

a  oflxuDuai  power  Output  of  1  watt  at  *22  volts. 

The  Input  is  differential,  penaittlng  the  use  of 
low  Impedance  feedback  eleaoc.its  which  do  not  load 
the  signal  input.  In  the  power  supply  unit  the 
asipllfler  gain  is  adjusted  by  feedback  to  ciiltlply 
ti>e  atabilized  zener  pcfcrenceJ  voltage.  It  develops 
21.0  volte  ac.’xcn  the  V/ri  potentlooeter. 

A  sltuller  operational  ztodgle  used  os  a  u.nJty 
gain  follower  anpllfler  Isolates  the  V/H  poleat.l- 
Ofvter  and  supplies  the  V/H  voltage  at  a  low 
pedance  level  to  the  2  phase  flux  multivibrator. 

The  amnll  plug-in  pneknge  containing  the  two 
amplifiers  la  shown  <n  Figure  4. 

The  two  phase  flux  type  of  free  running 
aulttvlbrator  uses  transistors  In  their  non 
linear  region  to  switch  the  flux  In  square  loop 
sAgnetle  corea.  The  circuit  Is  regenerative, 
and  develops  output  square  waves  whose  frequenoy 
la  determined  by  the  tC  driving  voltage.  The 
drlrlng  multivibrator  la  tapped  supplying  driving 


curronl  which  rorc-.*.-:  another  aulHvltrator  having 
licnticRl  ci.:jncv.*rlctles  into  oeelllatlon.  This 
slaved  O'Cillator  d'^velCiXi  on  output  voltage  Id 
exact  quairatui'e  with  tho  forcing  multivibrator. 
Correct  r^Tforrarcc  Is  of.njned  by  exact  wlndlDga 
and  careful  nmicr.irg  and  biasing* 

The  Output  voltages  of  the  mxlllv Ibratorw 
have  a  rising  characteristic  of  6  5b  per  octave. 

The  strong  honronlc  content  of  these  square  wave* 
would  cause  excessive  heating  of  the  output  traa- 
rlstoro  and  notor.  A  linear  Integrmtor  with  • 
drop  off  of  6  db  per  octave  prodocew  a  trlangler 
wave  form.  This  voltage  Is  coostmot.  Tlie  two 
buffer  anpllfiers  are  uned  to  prevent  loading  and 
drive  the  class  "B"  output  amplifier.  This  ampli¬ 
fier  Is  coupled  to  the  lao'or  fields  ihrcxjgh  a  dual 
varioc  a'ser.blj  cervo  drive  in  aeeordance  wlti 
the  V/H  signal.  These  varlacs  mabr  the  oDtor  load 
appear  constai.t  to  the  low  resistance  translstcra, 
and  permit  the  color  to  develop  a  constant  toniue. 

A  second  regulated  power  .supply  converts  the  uo- 
rcgolatod  dc  Input  power  Into  regulated  1600  cpm 
square  waves  .ind  regulated  t  28  volts.  The  equarw 
waves  ore  the  carrier  for  the  operational  ampli¬ 
fiers.  The  regulated  t  28  volts  power  the  oper¬ 
ational  oriTpiif ierst  buffer  ai^liflers  mod  the 
Zener  reference, 

CONOLUSIOli 

The  precision  vlth  which  toe  output  frequency 
followe  the  driving  V/H  voltage  is  eh^n  in  figure 
5,  These  curves  show  the  linearity  error  at  vari¬ 
ous  teffiperatures.  The  naximuo  uncompensated  error 
at  room  temperature  Is  .7%  of  5CX)  cps,,  or  1,5  cps«, 
and  oocuro  at  about  250  opa.  By  error  voltage 
injection  Into  the  Isolation  ai^Ulfte:'  feedback 
loop.  It  Is  possible  to  reduce  this  error  to  less 
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,00)^.  ISa  «ffc«X  ef  tld*  oouptn—tli  Im 
(bom  la  tb«  oorrMted  llaearlt;  etinw  at 

The  arreet  of  teaiieraUiro  la  to  loinaas  tha 
fre(juei>oj  .05<  RiU  la  a  Itoear  error.  Tha 

orUioiwl  core  obaneea  Ita  aaturatloo  flax  laral 
.07$  /OC.  Thla  la  eoapennatcil  hr  aa  oppoalta 
IB  error  of  .0^  /*\C  la  tha  traaaUtoao  and  alod* 
laca. 

Tenperatare  eccpanaatloa  la  dbtalaed  by 
aenalng  the  core  teaperatura  altb  a  noo  ladoailaa 
reelstariee  therooneter  au  tha  eore.  Thla  raalat-. 
anee  obaasr  la  lo  the  faedhacB  loop  of  tha  hl(h 
accuracy  pgaer  supply  and  varies  tha  aoltafa  aup- 
plled  to  the  T/U  pot.  Tha  flax  oaetllator  la 
therefore  supplied  alth  a  teafieraturo  aensltlva 
voltage  In  suefa  a  direction  aa  to  offset  tha 
change  In  frequency.  The  aailoia  correeted  ertvir 
^observed  Is  less  than  1.1$  *jr  il/2  cpa.  Stability 


and  repeatability  it  better  than  .(WS  at  aiv  (Ba 
teaperatura.  Flcura  6  and  7  ahoas  tha  aator 
velocity  varlatlor  at  3712  BIW,  and  at  19,162  UV, 
These  curvea  rare  obtained  under  operatlqf  ooo> 
dltlona  by  obnenrlnf  the  changa  in  rsloolty  of  « 
tone  aheel.  Tha  oeollloaoppe  eallbratlco  la  1 
vertical  eentlaatar  equal  to  a  valool^  datrluUaa 
ef  1$  of  tha  aaxlaua  frsquenqy. 


k  auamry  of  thaaa  rosolta  la  tabulated  balsa: 


or  Speed 

Mntor  velocity 

Bffeot  on  b.,atB 

RJM 

change  durliy 

EDt.'on  durlhg 

exposvre  -f 

1/25  aeoond 
expoeura  IxBbas 

3532 

t  .1  (3.5  RW) 

.oocm 

8030 

*  .15  (t  13  RIlO 

.0X0* 

15.162 

*  .5  («23  RlM) 

.0£»07 

Type . fWiorasda . . 

Coverage _ HOP . . 

rila . 9-1/2*... . 

•eight  (Eat.) . . 

Over-ill  oaisrrt  size... . . 

Operating  Range . . 

Operating  Teqperatore . . 

Cynllrg  R«te  Range . 

T/rf  Range, . . . . . . 

Shutter  Speed  Range. . . 

UC  Rate . . . 

Sean  Uotsr  Speed . . 

hens . . . . 

Resul.ittoo . . 

ibxlBua  me  Speed  DnlatlGO... 
Mount...  . . . . . 


gS-90  Caaera  Systea 
Data  Sheet 

, ..Tain-scan  syne!  ronlied  with  single  aechtnlaOL 
Interchangeable  cassattea. 

...2  lenaet  each  cor/erlng  79^1  fron  v'trtloal  aith 
5®  vertical  overlap.  Koraard  overlap  55$. 

...5000  ft.  tiiln  base  (SC-1213) 

2500  ft.  stAndard  baas  (Plua  X) 

...Caaera  -  100  Iba. 

Ucunt  •  150  lb«. 

Motht  electr-txilci  -  30  Ibe. 

Control  Box  -  10  Iba. 

.. Approx laately  40"  cube. 

..20,0Ca>  to  100,000  ft.  altitude 
300  to  2500  knots  ground  speed 

..(fir  to  120»f 

..2  eec/cy  to  ZO  aee/ey. 

...05  to  ,005  (10:1) 

..AEC  provides  l/lO  to  1/2400  (.026  to  ,f>2}  silt  width). 

_ iVaeo,  to  2"/eea. 

.-3750  lo  12,000  Rn 
..24"  f/5.« 

..00  llnee/as  at  1/50  aec  shutter  speed  (bench  test) 
..To  obtain  required  resolution  tl2  RUl  (t  .4  opa) 
..Torquer  stabilixed 

Steadiness  -  2  seoonds  of  are  In  1/25  aoccod. 
Vsrtloality  -  3  seoonds  of  an. 

Degreea  of  Treedoo  -  *  8®  In  pitch,  roll  and  aclaudh. 


KGOBX  2 


TIGXmK  3  -  Buxrx  OlACilAII  DBTVS  SrSTBIf 


Thla  circuit  hmm  bc<^tl  %re«unx<kr6e4  «3ln(( 
nrvly  d^Y^loped  tarn  RCS  SllioOQ  TrwaaU'iarc. 
Figure  $  ahovs  the  resu..ti  oeUloe4  vltlkoiit 
cc^penflatlOD* 

yio  eerr  hX  oorreotlsB.  hX 

room  tevpcratirr*  the  llT»earitj  l»  vlUilo 

.1^,  The  teaperat«kre  rise  ojrtea  «rr  oevljr 
ILieflr  and  are  rery  eloae  in  the  Uiearetleal 
core  error*  IiMflcatlaar  Xnat  throe  tren* 
elatore  supplj  little  or  no  deteriarotioi  to 
the  ioreteo  perfeivneo. 

soMucr 

£iuflHiricine  the  first  port  of  thte  talk, 
Fairchild  hie  develc^ied  a  accim^  UC  to 
AC  Inverter  ter  a  HX  oDtor  drive  for  oa  •crSal 
c&acto.  The  eircviltj  is  slople  nod  thle  frlve 
eyotea  eanll/  accoof)! Inbcd  a  task  that  prevlouslj 
requixrd  a  bl^  decree  of  oircult  aojiiistleatloo. 


Ihrt  U 

IMC  Drive  Sjreica 

XKnccgcTiCM 

The  aocuraoy  requlreamt^  aC  tha 

KS-^  HC  drive  aada  neeessar7  a  reft  near  oT>  of 
the  al;rple  open  loop  s/etea*  This  ayates  aoa 
dleousoed  io  part  I  of  this  talk.  lo  tkm  alapAa 
ayetca  the  ceneratlcc  oscillator  la  alao  tha 
freQucncy  rcrerer«cea.  lo  the  XS-^0  ayotas  the 
linearity  and  teaperatare  errors  of  thla  ccMsTOtlac 
ooclllator  are  cerreoted  by  rcfereooa  to  a  teller- 
ature  vtmtrolled  square  loop  eoeo  ataod*  > 

ard.  The  desi^o  of  this  volt  second  ref^reoea 
vill  be  discussed  at  crestcr  lencth  later  So  thia 
UU. 

DLSCULSXOh 

Figure  10  shoaa  In  bloo^  dlafrao  fo  tho 
corrected  oeolllator  DC  drive  systas. 

The  added  cooponentn^  other  than  the  aolt 
second  reference  and  Its  drive  eyatea  are  aoooel-> 

•  ted  alUi  susainf  the  error  dlffercnoa  alcpal 
betvceo  the  reference  ajx)  the  DC  ^/B  voltace.  Am 
added  operational  nnplirier  has  been  li  .  t  -teJ 
betveeo  the  Isolation  ajspllfier  and  Urn  .loa 
oeelllator»  to  prevent  the  V/H  pot  resUtaaee 
variation  fros  enterlnf  into  the  aioMtlon* 
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Briefly,  the  eonetant  vol  .age  drive  circuit 
outDut  nut  of  the  meter 

flux  oecilletor  (0^)  to  a  conet  ant  voltage  level, 
hut,  at  a  higher  paver  level.  Its  output  avltehea 
a  pair  of  lov  aaUiratlon  resistance  translstora. 

This  svltch  action  rapidly  changes  the  flux  level 
of  the  volt  second  reactor  frooi  one  ■saturation 
level  to  the  opposite  aaturation  level,  then  re¬ 
sets.  The  entire  volt  second  reference  circuit, 
and  also,  the  Zener  reference  diode,  are  in  a 
constant  teapcratuie  oven.  The  constant  area 
pulses  appearing  In  the  secondary  apo  rectified. 

The  %ldth  of  these  pul.ves  is  determined  by  Faraday’s 
lav  of  induction  as  ventloncd  in  FMri  I.  Their 
aaplllude  Is  determined  by  the  fixed  DC  voltage 
to  the  collector,  and  their  cvrlodlclty  by  the 
d  Tvlng  f rei^uoncy .  The  negative  pulses  arc  cosh- 
pnrrd  vlth  the  positive  V/'H  voltage  from  the 
Isolation  amplifier,  •Jllltxlng  a  Varlcy  loop. 

The  error  difference  la  fed  to  on  Intograior 
corjicctcd  operational  ojipllrlor.  A  re3l.''.lnrce 
nelvork  at  the  Input  of  the  .'ruicnilng  .irapl  I  flor 
co.*spnres  thin  integrator  avern^cd  DC  error  voltage 
to  the  V/H  voltage.  The  difference  appears  at 
the  output  of  tne  summing  aepllflor.  This  voltage 
is  corrected  for  both  lln«?ar!ty  and  teeperaturo 
variations  of  the  flux  ocicllla'.or. 

The  curves  In  figure  H.  ;  ’  o*  the  uncorrected 
linearity  error.  Also  rf'ovn  in  tnn  .-iioe  rir-^ 

Is  th«.*  corrected  ilrx'arlty  error  u.'lng  the  same 
linearity  corrvclla''  circuit  a:?  d  In 

Part  1.  The  ovon  trtnpcraluro  Ir  held  to  about 
l/iK*  C  at  tlie  core  of  the  volt  t^con.l  roiclor. 

The  total  error  for  both  llr'^arlty  and  toTpi*p- 
aturc  I-i  nho^jt  .<y)t  of  4^^  cpj  or  atout  cycle;; 
pop  O'cond.  The  aoximm  error  allocated  to 
o  clllator  Is  t,4  cp*.  Th**  recults  arc  4  llwo 
b'  tt'.T  ^h^.r  " iv'e If  1 .  Thl.*'.  r»yrt«*a  Is  In  the 

final  dcv'^lopoontal  stage.**.  It  vlll  be  lnter*.*dtlng 
to  see  hov  mch  lore  accurate  it  can  be  loodc. 


Figure  11  shovs  the  circuit  of  the  Volt  S^'cond 
Reference.  This  syvtpm  Is  ba;icd  entirely  on  the 
cor‘.:tar.cy  of  the  volt  8^c‘>»»d  nrea  of  w\gn«tlo 
raterial  vhen  subject  to  ssturulln/i  flux  cxcurulTnn. 
Fror.  tl»e  Integrated  Faraday*:;  law  rornrula  thol; 

Vt«  ~2  N0  mx. we  con  see  that  Vt  Is  a  conniont 
If  0  OBI.  Is  a  constant.  0  onx  Is  not  a  constant 
since  there  Is  a  changing  rlopr-  to  tho  ;;atumtlon 
curvr  which  can  vary  as  isucm  as  4  to  1.  As  the 
Induction  Increases  the  slope  decreases.  Temper¬ 
ature  error  oust  also  be  con.-. Idercd . 

la  a  auBvstion  of  Vcc  minus  all  the 
Svriod  IR  drop.  These  IR  dror*"*^  are  found  In  all 
ohinle  elements  such  as  winding  rcNl.itance.-.,  tmn- 
3l5*wOr  rcslfltap.ee,  primary  and  cccoi^dary  r-.’^liiUince 
and  diode  rcslatanceo.  Othe.-  co’irccs  of  error 
which  con  be  luf^jed  In  with  the  IR  drops,  are  the 
hyatere?*l8  nnd  eddy  current  lorres.  These  are  non 
linear  and  locrea.se  with  frequency. 

The  volt  second  aren  reference  hoa  been  de¬ 
signed  to  mlnlmiac  the  ofore.-nentloncd  errors.  The 
switching  tr^nalstora  are  driven  by  a  constant 
voltage  flource  yielding  a  constont  core  excitation. 
The  ampere  turns  arc  high  and  constant  co  that  0 
BBX.  is  oi-t  in  the  region  of  low  pemeablllty. 


Care  haa  been  tabee  to  miDimite  IR  variatlOM, 
The  translators  are  ailloon  type  mnd  have  low 
saturmtion  reslstmoee.  The  rectirying  diode  and 
translators  as  well  as  the  oore  are  In  a  teller* 
mture  eomlrolled  arcs. 

SlfM:e  the  pulse  width  is  conatrnt  and  the 
sides  are  steep,  eddy  current  losses  tend  to  be 
ooBstant. 

The  accuracy  reoulrements  of  this  drive  ars 
such  that  the  errors  us\jally  considered  of  second 
ary  importance  io  most  jystcim  must  be  considered. 

conclusions 

Folrchild  haa  developed  two  accurate  motor 
driv**  systems  fof  eotlon  eonpensatloo  lo 

aerial  caiweras.  Th^^-^e  i:yuleB*  are  depervlenl  am 
tt,/»  concept  of  rapidly  switching  anturable  oores 
pT\*clrely  deu  rmined  end  fnrai»‘ters.  The  data 
Indicates  that  a  hIf^  order  of  accuracy  la  obtained 
froa  the  conblratjon  of  tmnsistors  and  magnetic 
circuits.  There  clom'nts  hove  provided  simple 
rolutlons  to  formidable  circuit  probleas  while 
l*'cnH;;lng  circuit  pellaMlIly.  This  method 
;»-rT3l*.n  the  r.ciH.ry lion  of  a  band  of  frequencies 
to  lO  accunicy  pn'viously  possible  only  at  a 

frequeficy  utilliifvg  tuning  fork  techniques. 
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VlrUisllj  CTer>we  ocnnecW^  with  the  oper¬ 
ational  phases  of  the  photo^rasewtrla  processeo 
as  applied  to  cartography  has  hnd  le  his  ovn 
plane  the  application  of  an  autocnitle  process 
of  c*3tchir\f,  lsn|;c:;  and  thus  obtaining  autoanila 
stereo  plolttx.  Steps  are  being  taken  vhlch 
will  brine  this  Into  reality. 

Caacra  and  supporltnf*  equlpacnts  arc  reach¬ 
ing  higb^'r  perfonirutce  l«'vcls.  ka  a  ::cxirce  of 
error  the  cosk^ra  la  virtually  no  Inncer  a  prrkhlna. 
Lins  distortions  can  bi'  ODlnlnincd  at  tolerably 
negligent  Icvrlfl,  flla  and  proce^clng  can  be  oon- 
lpollo>d.  I  ns  t  rufla*  n  La  t  Ion  for  the  purpore  herein 
doGcrlbcd  Mist»  therefore,  not  dcjitroy  the  aecu» 
racy  corvlalned  In  the  dlapu-^ltlvcs  froo  ahlch  It 
vorks. 

A  ■Ddlflcstlon  of  the  approach  to  the  pro¬ 
duction  of  accurate  orthophoto-'^copen,  the  dcvt  lop- 
Bent  of  vhich  vaa  ciplslncd  by  Rug.'-c11  A.  B  nn  ta 
1%^*  provides  the  basin  u.icd  In  thla  ifvcirott'n- 
tatlon  for  the  orihophoto:.coplo  record. 

The  ooocopt  or  contour  delineation  Ihrourh 
the  :,ct  of  prof  Ding,  as  revealed  In  the  CfcocBber 
195'i  issue*  of  Bwtoi^i-naaciric  frglneerlng  by 
Spooner  ard  hla  as:.ociatcj  at  Aregr  IMp  Service, 
arc  brought  to  figitlou  iu  thlc  r.Ut !or. 

This  >**pef  Is  (In  part)  a  progrons  report  barbed 
on  the  impleatnUtlor  of  the  principles  piojosed 
by  the  Map  Service  at  thot  tlar.  The  lacrlts 
of  profile  scanning  Instead  of  contour  tracing 
for  the  purpose  of  hypeoectry  were  convlncrngly 
treated  by  licssra.  Spooner,  Donni  and  Idculla. 
Benefits  accruing  to  the  operator,  as  regards 
tlmf  ped%jctlon  ard  operator  training  arc  evident* 
lx  significant. 

The  three  prudue.ts  of  the  IntcgniU'd  Ikipping 
Syotek  as  oo.*>ccived  by  the  Aroy  lAip  Scrsrlce  and 
currently  being  built  ty  the  Fairchild  Canertk  and 
InstruBcnt  lU^rpuratlon  arc: 

1.  Plotted  Contour  I.ifonnatloa 

?.  OrfiatgropMcal ly  fkK;itloncd  rhrjtogrnpMc 

Dk  •  ta  M ,  and 

3.  5»iorcd  Profile  Data 

The  product,  of  primry  interest  to  «11 

photOffJ’osBCtri jta  In  Lb-?  cnrtogrfifrfilc  field,  etj.nt 
be  contour  irrojTjotlon  In  a  nulleblt  for*  for  the 
oujpl lotion  of  elrvatlcvv  data  sa’vi/iu resents  to 
a*#^tnrd  pnp  nccuraclcr. 

The  vi^cond,  cooBCnly  lovjen  as  the  orthop?>oto» 
graph,  e.-in  be  u:icd  nu  a  source  of  oOBT''l®*lon  of 
all  planlEolry  In  the  opernLloral  phanc  of  car¬ 
tographic  eork.  The  laagery  eocrrerlcd  frsM  a 
nerspecllve  vice  of  the  terraio  ns  It  eppea-s  in 
the  serial  photograph  to  Sii  orthographic  wiew 
KASt  be  sharp  and  oentsin  cncaigh  detail  fcr  cosy 


recocnlttcn  nud  Interpretailcxi  and  miat  ■eel  the 
required  jtnn<tirdo  for  horizontal  accuracy.  Aeao- 
rate  orthographic  pro^or^lono  are  not  present  la 
any  case  where  the  pitolographed  terrain  does  not 
He  in  o«>e  plane. 

Tectn  mde  for  roaparliKjn  Of  the  effeeta  or. 
the  flrkct  ffodol  of  profile  scanning,  eoapared  to 
conventloral  trehniquee  of  "chasing  a  oOntOur* 
throughout  the  noijcl,  Imvc  r.hckra  the  coopleteneoa 
or  the  profile  ieclinlque  to  l?c  ruperSor.  This 
va;*  «-vJd*'nc«-’d  by  the  abnonce  of  lr.olated  hill  topa 
ur.lng  the  convrntlonal  Bcthodn.  The  l^eoveacnt 
Of  counic,  ly  the  cOTv^rquerice  of  the  fact  that 
nrofillfig  conpilr:  the  stm'O  eperttor  to  eiajalna 
411  part,*:  of  the  jnodcl  in  detail. 

The  third  product,  u  ;x.'rsnf»cnt  record  of 
the  data  u:;ed  in  the-  hyjvoci’try  becones  a  ready 
reference  for  w  .•  In  a  nunl-er  Of  applications, 
ar,  for  lrr.tr»nce:  iriip  revinlon.*:;  guiding  the 
cutting  a™  of  a  torr>in  uodi  1  cutting  onchlne; 
and  Ihirdly  for  H-ito  ccnv«‘r:: ion.':  ruch  as  vertical 
relief  •i-aixerallon  or  cr.nnge  of  datua  by  atlHtlr^ 
a  high  rpted  clictroi>Ic  computer. 

Flgurt*  I  n»>uas  the  throe  aorklrg  oo^nnenta 
of  the  r.yrtca.  H  docn  not  Include  the  electronla 
ccr.lrcl  .;y.:ic!=,  »h!ch  cDn'.aln'*  the  teaporary  and 
pcrwincnt  tape  hnndlern,  nor  the  operatur's  cootiol 
console.  The  Nlotrl  Slopeoplotler,  furnlsbed  by 
the  govrrnmcnt  for  this  project,  has  been  aodiried 
by  the  r  ub;;  I  Hut  Ion  of  none  poverful  oervo  H>tort 
to  drive  Inc  X  and  T  ornr:  of  the  toordloalogroph, 
and  the  /  ails  osacabjy. 

TTic  line  drop  contour  plotting  table,  shovs 
nt  th  *  left,  contains  a  niailorly  Bodlflrd  coor- 
dlrwatogrnph  gned  U>  trannj^rl  the  ILae  drop  aark- 
Ihg  aoscnbly. 

The  or»hophotor.cope  unit,  shown  at  the  right, 
alizo  eaployn  a  nodiflod  courdinatograpto  oblch 
driver,  the  orthojihcto  CKporurc  unit.  Exposure  la 
obtained  froo  a  cathode  ray  tube  operating  froo  a 
closed  circuit  trlcv Jr.lOn  £:yr.le»;  the  entire  work- 
Ing  Gyr;triB  in  enclo  ed  In  a  light  tight  t.ouslrg 
for  aorkJnc  coovcnlcnoe. 

Figure  2  rhosG  a  clor.e-up  view  of  the  plsteo 
fi;«rc:^)y  nodif IcatlorkS.  The  "bluck  box"  at  the 
left,  odjacent  to  the  circular  platen,  is  the 
tclevlc.Iom  can'ra  pick-up  tube,  u:;e<J  to  Mke  the 
orthophoto.  Together  with  the  platen.  It  slides 
horizontally  on  a  track  which  is  driven  ve^'tlcsllj 
by  the  Z  drive  syntea.  When  the  operator  scans 
the  profile  the  platen  la  In  operating  position. 
Whin  the  oachlnc  is  recording  the  orlhorhoto,  the 
cajx*ra  tula:  Is  indexed  hr>rtzontally  into  posltlofi. 
They  both  Bove  up  and  d-Twn  Ln  the  Z  directloo  re- 
gardlcrs  of  which  is  in  operating  posltloo. 

figure  3  uhowB  the  electronic  cooiroU  systett. 
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‘Htree  mt^nt^io  tape  handlera  car  be  aeen  at  the 
left,  TWO  of  these  are  used  for  the  control  and 
recordinc  of  X,  T,  ar^  Z  data  on  a  tearporary  heals; 
the  third  la  uoeo  to  form  the  peraauv^ol  tape  re- 
eord  of  the  aodel  area.  At  the  uppeT  richt  a 
televialon  Bonltor  aorecn  aan  be  neen,  Tbla  la  a 
BDnttor  for  the  closed  olrouit  televialon  oyalem 
and  provides  the  operator  aaauranee  that  the 
orthophoto,  being  foraed  in  lU  llght'-tighl 
enclosure,  is  rvecivlr^  Ita  video  alcnal  fro«  thr 
cancra. 

The  rvaainder  of  Uv  clcctroolc  control 
F/nlr»  con<iintL  of  the  j**rvo  control  for  Ihe 
coord i tin togrupti  oran  and  Z  drive,  the  digital 
dnui  fuirxlling  circuitry  for  the  aoqulsilloo,  pro<> 
ce.Tslng  and  control  of  thi-  X,  Y  and  2  inforoiitlor., 
and  the  ::cv«Tnl  povor  :'>uppllen  n-*<iulrod  by  tt**; 
OY5tc*. 

Figure  4  siiovr  the  working  iiyatca.  TMn 
shoac  the  tle-ln-L>olwi‘on  the  various  cowpooonls. 
Eoch  of  then-  unite,  the  tnp*  Itandlnm,  the* 
fllerooplottrr,  the  line  drop  and  orthi«|>**OLO  unit.';, 
has  Just  bocn  touched  on  in  rvvlevlnn  the  pn  vlo*;- 
.slides,  and  vlll  be  rvfcrr^^  to  agoln. 


TKrtxifb  ihe  act  Of  profiling,  the  Inatnara 
tatlon  ifodueea  all  of  the  data  necearary  to  pro* 
duce  topographic  mpa,  mater  terrain  wdela  and 
allied  prodiieta. 

Aa  Juat  stated,  the  Inatrunentatlor)  producao 
CN  direct  outputo,  n  permneni  record  of  the  pr<K 
flic  data  on  aagnvtlc  tape,  a  covitour  plot  io  the 
fora  of  a  line  drop  ooapllatlon,  and  an  aocuiata 
orthophoto. 

rvofiltrc  la  acooopllchcd  alth  greater  rpeed 
nnd  accuracy  tJ»rougN  th;'  assistance  of  t  SMOry 
sy:.„c'0.  A  Ua|or»ry  record  of  ttie  previous  profile 
actually  drives  the  floating  Bork,  ret^uirlng  the 
opi-nitor  to  ■traly  provide  corrective  adjuatoent. 
TV  ov«  r>rldli^  adjustninl  mde  by  the  operator 
continually  re?*u)ti«  In  the  foroollon  of  %  new 
tomporary  record  un-*  .•my  be  repeatly  played  back 
for  r-*vlcv  aiaJ  corrac'-lon. 

The  u:u*ful  Outputs,  produced  autoentlcally 
by  tfio  oaehltH.'  8r\-  mde  only  vhen  the  operator 
Is  ratified  that  iP.c  i..C)f»irary  record  accurately 
contains;  ihe  d«slr>‘d  profile  data. 


INTEGRATED  MAP  SYSTEM 
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Somm  or  tta  ■tfnlflMot  data  KvlatlT*  to  tlM 
pcrfoTvBSoa  of  tba  moMm  tUI  no*  b«  prosentod, 
before  c<x>tliiula(  «ltb  •  furUier  ersplemtlaa  of 
lU  operatlor.  Tb«  three  table*  kaea  the  aaaa 
X  ao4  T  trawl  oapabtUtlaa: 


The  mxlaia  trawl  la  MO  m.  Tbla 
pcrUls*  to  the  aterogplotter,  tiM 
lice  drop  '''ad  and  the  ortkopfaoto 
cxpoaura  be^. 

Ibaltloa  le  kbOTa  and  raoarded  to  an 
Boeuraoj  of  1/10  Ml. 

The  apeed  of  trawl  la  eoatrollabl*  bf 
the  operator  froa  0  to  20  aa  par  eeoood. 


a)  The  aejilaia  trawl  ta  1000  ■>. 

b)  The  T  Inoreaent  wlut  la  adjuitable  la 
atepa  of  lAO  m  up  to  a  aazlaua  Inera* 
aent  of  12  aa  and  la  rcoorded  to  aa 
acouraoj  better  than  .021  w. 

eH  Hie  T  atep-over  tlae  lo  a  aaxlMM  of 
72  eeooDds  for  a  T  luewaeat  of  12  aa. 
(6A0  second*  per  lAO  w  atep) 


a)  The  eauttaiia  trawl  1*  IM  aa. 

b)  The  actual  2  wlue  la  recorded  each  lAO 
w  of  Z  travel  to  an  aocuiae;  of  lAO  ma. 

a)  Tha  aaitMia  apaed  of  traeel  1*  varlabla 
frui  0  to  20  m  per  aeeoBd. 


Tha  llM  drop  cq^ilTatlaa  baa  tha  MUoataf 


a)  Tba  freviueaej  with  etdeh  Ilea*  ara  drop 
ped  la  adjuatabla  to  aaoewndata  4  eoe- 
tour  lawl  tnawenta  of  20  and  40  fact, 
10  and  20  ■ataia,  and  9  aodal  aaal.aa 
laaC^  2-  to  1600  to  1  to  10,000. 
'Ihaae  oorraapood  to  X  Innra— ta  ahloh 
waca  frca  1  to  4  wm, 

b)  Tba  anouraop  of  tha  dropped  Uaa  and  la 

lAO  ■*. 

a)  Ujw  drtvplap  apecd  in  oaapatlbla  with 
tha  aaanoUa  apceda  In  X  and  f.  Appros-* 
Inatclp  40  half  oooloura  aan  ba  raoord 
ed  per  aaeeod. 

taatljr,  tba  ortfaofhoto  qatcot 

a)  tba  eldth  of  the  eipoacd  strip  In  tha  T 
dlreottOD  la  adjustable' la  1/10  a  atepa, 
up  to  a  aavl«»  width  of  12 

b)  6  reduollun  ratloa  raii(tn|  firat  1  to  1« 
to  1  to  6  ara  proelded. 

0)  The  resolution  eepahllltp  of  the  ortho- 
photo  Is  71  peroent  of  that  obtalaed  at 
the  seaming  platen  of  the  eterwoplottor. 

hetumlfic  to  the  operation  of  tha  ■achlac; 
profiling  la  done  la  the  *Z*  direction,  (parallel 
to  the  night  direction.)  In  the  operatlag  unit 
the  platen  Is  d risen  at  a  selcntlyr  speed  In  tha 
*Tt*  direction,  (up  to  20  as*  per  seemd.)  Vhll* 
the  operator  *rldes  the  profile*,  the  wsrhlne 


rill  te^xnmrilj  th*  frofllt.  Rcallslnf 

thA6  there  !•  roca  fv  error  in  the  flret  sean* 
the  operitor  mj  at  the  ei>4  of  the  awi,  rereroe 
dlroctloo  and  let  the  fletea  be  poeltloned  up  and 
doea  lo  2  b7  the  aacrelle  tape  record  Juet  aade. 
Should  deeorepanelee  oecor,  oorreotlone  oaa  bo 
»de  ”CD  the  spot*  by  m  optratorU  overTld* 
eootrol,  reeultli^  la  a  aeo  recordinc  the 
entire  profile. 

Oooe  eatlofled  «lla  the  prerile,  the 
operator  aay  oauae  »ahloe  to  aake  the  line 
drop  profile  record  abeet,  an  orthophotofraph, 
and  a  penoanent  reoordlfiC  qd  aa^nello  tape  In 
any  reasonable  Mchiae  Iancv»ac«  for  eleotronle 
ec^Mtere.  The  lanfMt^  ehloh  hae  been  eeleoted 
for  this  aaehlne  if  for  oae  in  the  VMIVAC  Model 
11011  or  110$  ooaput^n* 

Purine  the  operation  oo  the  eeoond  or  ed^> 
cent  profile,  temporarily  storaged  Inforsatlon 
froa  the  previous  profile  le  used  to  position  the 
platen  In  Z,  modified  by  the  operator's  override 
control  to  produce  the  recordlnj^  of  the  nee  data« 
This  leans  UtSt  only  a  single  profile  In  the 
Bodel  need  be  done  eilb  no  previous  knoeledge  of 
where  the  platen  should  be.  Cnee  accocrpllshed, 
the  DCQory  aided  mode  of  operation  le  fully 
effective.  On  a  single  profile,  this  informtlon 
Is  available  for  rcfiniaent  In  the  "X"  direction 
or  along  the  profile,  Ca  adjacent  profiles,  thie 
InforsBtlon  le  avallat'.e  for  the  saAe  type  of  re* 
flnecaent,  but  In  the  direction. 

The  meoory  aid  profiling  Is  done  vlUt  an 
electronic  analog  to  digital  corverter  cspable 
of  high  rcsnlutlon  anl  an  output  of  dlglul  In- 
fomtior.  at  t  rate  of  about  2000  elevations  per 
second.  Since  the  rate  of  scanning,  as  presently 
called  for,  le  a  little  less  than  one  inch  per 
second,  alsKMt  an  lofirlter  nusber  of  resdi*igs  of 
elevations  are  available  to  provide  smooth  opcr« 
atlon. 

As  'w^ntioned  abovr,  ooce  the  operator  is 
satisfied  with  a  profile,  he  tmy  produce  a 
contour  sheet.  This  Is  Jone  sUh  the  line 
dropping  vchanlsB.  Tbrcsighout  the  ra.ige  of 
elevation  (Z  motion  of  the  platen),  there  is  pro* 
Ylded  a  ceries  of  poir.ts  corresponding  to  the 
selected  contour  interrmls,  which,  while  the 
profiling  operation  tabea  place,  will  operate 
the  line  drop  device. 

This  devlcv  will  Bmrfc  continuously  from 
one  olrvatlon  to  the  r»nt,  with  alternate  contour 
intervals  left  blank.  Tbla  system  has  been  fur¬ 
ther  advanced  from  the  ccrpilotion  standpoint  so 
that  line  Identlflcatloi  will  be  provided  by  oolor 
coding.  A  couipller  will  be  able  to  tell  at  a 
glance  whether  the  rlope  Is  up  hill  or  down  hill. 
In  any  dlrcotlwi,  and  im  any  local  area  without 
reference  to  control  polnto  or  drainage  patterns. 


As  an  example  of  tb!a  aystem,  If  the  slop* 

Is  up  hill  the  sequeT>c«  cf  eollor  coding  will  be: 

Red,  Blank,  Black,  Cank,  Green,  Blank,  Red, 
Blank,  Black,  etc. 

A  down  hill  slope  woald  be  Just  vhw  revwrww. 


Id  other  words.  If  the  sequenow  (not  oouotlAf 
the  bleAks)  (oee  froa  red  to  black  or  froa  blaok 
to  greoB,  then  an  up  bill  slope  Is  Indleotsd.  k 
down  hill  slops  would  be  Indloatsd  by  a  sequenos 
of  black  to  rad  or  froa  greto  to  black. 

As  ths  second  produst,  vhloh  oma  bs  sads 
eorveurrmtly,  the  instnsientatlOD  beUtg  dtvelopsd 
by  Palrohlld  will  provide  as  orthophoto  of  the 
aodel  area.  This  is  provided  by  nountli>f  oo  ths 
platan,  a  telewlaion  oaaara  which  takes  a  platurs 
of  the  local  terrain  (l.s.,  la  ths  area  of  ths 
noatlr^  mark).  Ths  aciusl  saposura  will  bs  of 
an  trea  of  a  fee  thousands  of  an  loch  in  the  ”X* 
direction  by  the  width  of  scan  In  ths  *Y*  dlreetlOD 
equal  to  ths  ”T  incrernsnl*,  and  mill  be  obtained 
froo  ths  projection  of  one  of  ths  dUpositlvtt 
of  ths  stereo  pair,  with  the  red  filter  resowed. 

AXter  being  aaplified  by  a  rvsots  video 
acpllflcr,  this  algnsl  Is  reproduced  on  a  small 
Cathode  Ray  Tube  which  Is  mounted  on  s  second 
electro  coord inaiogrmph.  Ths  remots  CRT  is 
mcMAted  80  as  to  make  an  erpoeurw  of  all  of  tha 
details  in  the  pfiotognph  on  to  a  flat  sheet  of 
photographic  fllja. .  Proper  photographic  filtering 
will  prevent  ihw  second  photo  of  the  aodel  from 
bei'^  reproduced,  or  one  light  may  be  turned  off, 
since  during  this  operation  no  atereosooplo 
viewing  Is  required. 

The  CRT  reproducer  travels  only  in  ths 
direction  during  a  single  profile  (l.e.,  no  Z 
SDtIon  Is  Included  in  the  making  of  the  ortho- 
photogTmp^*t.)  Thus,  a  flat  photographic  txpoaurs 
plane  Is  used.  True  orthogi^phlo  proportion  Is 
obtained  by  controlling  the  Z  action  of  the 
teUvlalon  eaaera  pick-up  tube  free  the  tops 
recoiding.  This  technique,  as  scoe  of  you  know, 
has  the  advantage  of  not  having  to  raise  and 
lower  a  large  flet  photographic  sheet  during  ths 
profiling  operation  aa  would  be  the  case  If  ths 
expoa  jre  slit  and  fils  were  ih  ths  actual  model 
ap8c*».  A  oecond  sdv'intage  Is  provided  l.n  the 
Integrated  liapplng  System  concept  In  that  the 
operator  Is  given  a  chance  to  change  his  pro¬ 
file  to  •  ccTpletely  oallafactory  one  before 
making  an  exposure  on  the  oi  thophotograph. 

The  third  product  of  the  Fairchild  Inetru- 
mentation  Is  the  p>*OTlslon  for  raking  a  perm- 
nent  recording  of  the  model  space.  This  can  be 
do.Tc  either  concurrently  with  the  line  drop  con¬ 
tour  chart  ard/or  the  ort2>ophoto;  or  It  may  be 
faridc  sepciralely.  Operationally  this  does  not 
cause  ony  dlfriculty.  It  is  expected  that  the 
three  products,  contouring,  orthopholo  and  persa- 
nent  recording  can  be  accompllDhcd  with  only  two 
scone  of  each  profile  (except  the  initial  one). 

thus:  Right  to  left  on  the  Initial  soan  will 

provide  course  data, 
left  to  right  will  provide  a  cheok,  or 
Left  to  right  -  contouring,  exposing  and 
recording. 

On  subsequent  soana: 

Right  to  left  will  provide  a  check  with 
minor  correctlofva . 

Left  to  right  -  contouring,  exposing  and 
recording. 
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AN  CVALUATIOM  OF  TECHKIQUES  IN  tJlND  MASS  RADAA  SIMULATION 


Cear(«  M.  X>cmbc  4mI  ChArlcc  Colbert 
Wcctfai#  LiAboriUory,  Inc*.  Yellow  Springs,  Ohio 


An  objectiv*;  cvAiustloft  ot  the  vmriovs  Mnd 
rrvaee  rad&r  eimtilAtieo  terhni^iice  im  «•«  today 
ie  ueclulin  determining  bow  a  epeciCtc  rc^wtre- 
merit  may  beet  be  met.  The  capabilitiee  of  the 
uUratonic,  optical  analog  and  two  traoaparency 
technlquea  are  examined  and  compared.  Specific 
examplcfl  of  work  done  in  the  vaHoui iechoiqoea 
and  eome  of  their  advantagee  aodlimitatiooa  aro 
cited. 

Map  projection  gape  and  dietortiooo  arc  dia« 
cueeed  and  a  simulator  which  overcome*  thi* 
baeic  problem  ie  briefly  deacribed. 

Introductiop 

Ie  there  a  unique  eolution  to  the  problem  of 
land  maea  radar  aimulatioa?  The  anawerta  no. 
There  ia  no  univeraal  aimuiator  or  eimalatio* 
technique  which  ia  ao  veraattie.  ao  ncJoble  that 
it  can  meet  all  of  the  complex  requiremeota  of 
today'a  weapona  syatema.  A  look  at  the  devel* 
oprneol  of  the  land  maaa  aimulatioa  art  abowa 
ua  that  the  variuua  techniquea  in  tiae  today  have 
been  developed  in  reaponac  to  a  wide  range  of 
requtremcrUa.  Because  Iheac  reqtdrementa 
change  «nth  new  wcapona  r.nd  ocw  tactica  phi* 
loaophiea,  it  i  a  impoaaible  to  devclopthe  oniver* 
aal^'^nulator  which  meetaall  exiatingaodfxtufe 
aeeda. 

Unfortunately,  aa  each  newtechniqwc  la  de* 
velopedit  ciaima  to  be  the  long-awaited  aimula* 
tion  panacea  one  which  will  anawer  all  rc« 
quirementa.  Such  ia  not  the  caac.  Cacb  of  the 
techniquea  in  uae  today  Uaa  ita  advantages  and 
i*«  Ur^itationa.  Each  has  •  and  deaervea  •  ita 


and  Navy.  Eaaentially,  this  technique  aUnulatss 
land  maaa  radar  returns  by  radiating  pulsed  ul* 
traaonic  energy,  uaing  water  aa  a  propagatto* 
medium,  frorr  a  cryatad  transducer  located  at 
the  aimulateo  antenna  poaition.  The  radiated 
energy  ia  concentrated  in  a  narrow  beam  aa  ia 
the  real  radar  caae.  Sweeping  out  la  range  and 
scanning  in  atlrnuth  aa  in  the  real  case*  the  ra- 


place  inthe  sun,  depending  on  the  job  it  dmi at  da. 
Therefore,  a  close  look  at  the  capabilitica  of 
each  technique  ia  of  value  in  making  a  aelectioa 
to  meet  a  specific  set  of  rcquirenieota. 


Simulation  Techniques 


What  arc  these  aimulatioa  techniqwesT  By 
way  of  definition^  Che  techniquea  refcrredle  here 
arc  those  in  uae  for  aimuiating  the  laud  maaa 
radar  returns  as  seen  in  airborne  mapping  ra¬ 
dars  used  for  navigation,  bombing,  search  and 
tracking,  and  aa  used  in  the  preparatioai  re¬ 
ference  data  for  "map  matching"  missile  guid¬ 
ance  ayatema.  These  techniquea  rriay  be  de¬ 
scribed  generally  aa  being  one  of  two  basic 
types:  analog  er  computational.  L>at  aa  coo> 
aider  the  analog  ayatema  first.  They  are  ao 
called  because  they  mimic  the  action  of  the  actual 
radar  by  radiating  energy  <olbcr  than  micro- 
wave)  overthe  surface  of  a  terrain  analogin  the 
form  of  a  three  dimenalctval  relief  m^. 


There  a  re  three  analog  techniques  ia  aae  to¬ 
day.  The  first  of  these,  the  ultraaowic  tech¬ 
nique,  has  been  employed  since  World  War  II  iu 
simulators  and  trainers  for  b^nb  tha  Air  Fores 


Figure  1 

diated  energy  strikes  the  surface  of  a  spevially 
prepared  terrain  model.  Figure  1  Uluatratea 
achematically  the  basic  operation  of  this  tech¬ 
nique.  The  re-radiated  energy  reflected  from 
theterraln  model  surface  ia  received  hylherry- 
aial,  and  ia  converted  to  a  video  a*  anal  which  la 
ultimately  displayed  on  the  radar  indicator. 

Aircraft  motion  la  simulated  by  moving  tha 
crystal  in  X,  Y  and  E  overthe  map  surface.  Tha 
AN/APQ-TZA,  manufactured  by  both  Americas 
Machine  h  Foundry  and  Otla  Elevator,  is  a  typ¬ 
ical  example  of  a  simulator  bated  on  this  tech¬ 
nique. 

Optical  analog  techniques  in  which  light  la 
radiated  rather  than  ultrasonic  energy  have  found 
application  In  several  aimuiator  fr  eg  ram  a.  Thera 
aretwobaalcally  dlffe  rent  technique  a  which  may 
be  called  optical  analog.  In  the  fi  rat  of  the  as, 
the  terrain  model  ia  illuminated  by  a  llgM  from 
a  flying  spot  scanner  tube.  A  sweep  on  the  faca 
of  the  tube  la  imaged  onto  the  map  surface  ac¬ 
cording  to  the  radar  range  astttng,  and  the  da- 


Figure  2 

flection  coil*  of  the  ecannertube  are  uiedto  ro* 
talu  the  eweepin  aeimuthin  accordance  unth  the 
acanning  mode  oi  the  radar  antenna.  The  lighg 
reflected  frem  the  map  (urface  ie  picked  up  by 
a  photomultiplier  tube  located  at  the  eirnulated 
radar  antenna  poaition.  From  the  output  of  the 
photomultiplier  tube,  the  reaulting  video  la  then 
auitably  proceated  for  dieplay  un  the  radar  indi- 
cat^.  Figure  2  illuitratea  the  detaiU  of  thi« 
teennique.  It  ia  pre  aently  employed  in  the  Navy'e 
ISZS  radar  trainer  developed  by  Fairchild  Aa- 
tr.onica  Diviaion  of  Fairchild  Engine  li  Airplane 
Company. 

The  accondtype  of  optical  analog  aimulator 
revereea  the  poaitiona  of  the  illuminating  aource 
and  delecting  device.  Here,  aamailhlgh  power¬ 


ed  poliai  light  aource  ia  naed  to  Uiaminata  the 
map.  The  reaulting  highlighta  aod  ahadowa  am 
then  viewed  froen  above,  aa  thown  in  Flgura  S, 
by  a  TV  camera  tube,  auch  aa  aa  Orthicoa  or 
Vldlcaa  which  la  acaoned  in  PPl  faaMoa.  The 
output  of  theac  tubca  then  provldea  tha  video  alg- 
nala  to  the  diaplay.  Thia  tcchnlijua  ia  currently 
employed  for  generating  land  mats  radar  aif« 
nala  in  tha  Air  Force  FICS-D  flight  aimulator, 
currently  ia  production  by  ACF  Electronlca. 

It  baa  ajao  been  employed,  with  the  aubati- 
Idtioet  a  photographic  camera  fortke  TV  cam¬ 
era.  for  the  preparatioa  ct  reference  fiUna  for 
uae  la  ‘'map-matching"  miaaila  guidance  ays- 
tema. 

AtUrdtype  of  analog  technique  cxiati  which 
tnay  be  beat  dcacrlbed  aa  an  clcctrocnechanical 
analog.  Here,  the  terrain  map  is  a  apeciaily 
prepared  printed  circuit  contour  map  which  ia 
overlayed  with  a  acmi-coaductlvc  epoxy  reaia. 
When  d'.acrete  voltage*  are  applied  to  the  cop¬ 
per  contour  tinea  io  relation  to  tha  terrain  cla- 
vatlonthcy  repreaent,  the  aeml-conductivc  epony 
produccBtntcrpolationvoltagca  between  the  con¬ 
tour  linci.  Tiuia.  the  flat  map  aurface  deplete 
the  terrain  elevation  in  terma  of  different  volt- 
agea.  The  "antenna"  uaed  in  thia  techniqua  con- 
elata  of  a  acriea  of  contact  fingers,  arranged 
linearly  along  a  member  equal  in  scale  ilzc  to 
the  radar  range.  The  voltagea  appearing  acroaa 
thr '  ontartfingera  are  sampled  at  the  awtep  rata 
and  provide  an  accurate  profile  of  the  Icrrainfor 
each  tucccaaivt  sweep.  Such  a  simulator  baa 
been  developed  ty  Cornell  Aeronscdcal  Labora¬ 
tories  of  Buffalo,  New  York,  under  contract  to 
the  Air  Force  aa  a  research  tool  for  use  in  eval¬ 
uating  terrain  avoidance  ayotems. 

To  use  auch  atcchniquc  for  providing  video 
signals  from  land  maaaea,  additional  computer 
circuitry  would  be  required.  Also,  to  provide 
the  simulatlen  of  rctur-a  from  cultural  targets, 
it  would  be  nreciaaryto  encode  tbil  informatloa 
oo  the  map  aurfscc  by  some  means. 

The  computational  techniques  for  land  mass 
simulation  are  baaed  oo  prodding  a  means  for 
storage  aod  readout  of  the  terrain  elcvatlOD  ta- 
formation  and  the  radar  reflectivity  information 
so  that  these  data  may  be  operated  on  electroni¬ 
cally  to  compute  the  highlight#  aod  shadows  which 
would  occur,  along  with  various  other  video  sig¬ 
nal  effects.  The  first  of  titese  ia  the  ao-called 
"two  transparency  **  technique  execr.plllied  by 
almulatora  presently  in  use  or  under  develop¬ 
ment  by  the  Navy,  Air  Force  and  RAF.  One  of 
the  leading  invcatigalora  of  this  technique  has 
been  the  Cnrtlaa- W right  Corp.  Figure  4  illua- 
tiates  the  principles  involved  in  this  technique. 
Hercthc  Informatior.  is  atorrd  on  two  separate, 
carefully  registered,  photographic  transparen¬ 
cies  or  glaaa  plates,  encoded  in  the  form  ^  den¬ 
sity  variation.  At  each  point  on  the  one  plate 
the  photographic  density  I  a  a  function  of  the  ter- 
ralB  elevation  and  on  the  second  transparency 
the  density  Is  a  function  oi  the  radar  reflectivi¬ 
ty  of  natural  and  cuUrual  targets.  When  ths 
•caniainf  beam  from  a  flying  spot  scanner  ie 
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ima^ctS  jALwi  ti^i  t  ransp^rcncy  *it  tiu-  Appropriate 
»CAir«  thv  Iran  •mi  tied  tight  i»  inlcntity  modula> 
ietd  ia  accordance  vi'ith  the  coded  i of ormati on  cn- 
co«alcrrd  by  each  tweep,  Thi»  light  i*  picked  up 
by  a  pbotoniultipHe r  tube  >*ho»c  output  provide* 
voHage  analog •  of  the  tc  r  rain  clc  vation  and  radar 
reflectiTity  data.  In  order  to  derive  meaning 
from  tikia  d  tta,  highhghte  and  shadow*  must  be 
computed  along  each  iweep  line  m  real  lime  ao 

tbe  appropriate  video  tignal*  may  be  devet* 
Oprd.  Highlights  and  shndou  s  a  re  computed  (  rom 
the  photomultiplier  output  •  r^  p  rt  •enling  ter  rain 
or^elatiun*  andtarget  reflectivitit  a,  Toperform 
this  computation  it  i«  .Uao  necessary  to  deter* 
rnine terrain  slope  (inofJerto  gel  the  highlight^! 
aifcd  to  enter  into  the  tomputatiuii  the  aircraft 
aitittode,  ground  range  ard  aspi'ct  angle.  U  i* 
ImpoitanC  to  note  here  that  the  scale  of  those 
transparencies  can  be  very  much  smaller  than 
Che  smallest  of  the  scale*  used  far  the  terrain 
models  employe  !  in  the  analog  systems.  This 
r«s«lls  from  the  fact  that  the  accuracy  and  re- 
sotolion  achievable  by  tlic  photographic  prucesr 
are  much  g  re  ate  r  ‘han  tho  se  of  the  tc  r  rain  model 
mahiog  art. 

Other  variations  of  this  basic  technique  use 
two  reflective  maps  rathe  r  than  transparencies, 
or  M  single  transparent  or  rcfloclivt'  map  which 
coMtaans  both  reflectivity  and  terrain  elevation 
information  encoded  in  a  special  way  sothat  the 
two  types  of  data  may  be  read  out  simultanvous- 

Jt- 

Tbese  then  arc  the  basic  simulation  tech* 
ns^ues  in  use  today.  In  ordc  r  to  render  an  ob* 
jeetive  evaluation  of  each  of  them,  wc  must  con* 
•iderthe  abilities  of  eachto  mvet  a  w-idr  variety 
ot  rce|«ircmcnts. 

Techniques  Vi  rsus  R ego ■  rmienl s  -  WhaiarcMhr 
demands  p1<i«  i-H  :)n  a  simul.itifir.  tcchniguv*' 

Let  us  first  have  a  look  .«1  i»iir*  general  pro¬ 
blem  common  to  all  trehniguea.  It  is  /ininipor* 
tarn  problem  whuh  becomes  more  severe  in 
meeting  the  rtqui  rements  for  ncwt  rlong  range, 
high  speed  weapons  systems.  Navigational  and 
presentational  errors  and  distorCi on •  occur  when 
the  spheroidal  earth's  surface  is  represented  on 
m  flat  plane.  Of  the  many  different  map  projec- 
tiockj  which  may  be  used,  the  two  systems  of 
world  mapping  used  by  the  military  are  the  most 
practical  for  simulator  application.  These  are 


the  l*ambertCaiicConformalpro)«ctloii  oMd  by 
the  Air  Force,  aad  the  Universal  Trtnsvarsa 
Mercator  projectiois  used  by  the  Army.  Tb« 
l.ambert  Cooformal  system  divide*  the  earth** 
surface  into  4*  haads  of  latitude.  A  sert**  ol 
cone*  whose  evrfacss  intersect  the  t.pper  and 
lower  parallele  mi  each  band  are  const  »ucts<i  for 
projectiem.  When  the  projections  of  two  adja¬ 
cent  bands  are  abetted  they  touch  at  oiUy  ona 
point;  the  arcs  describing  the  parallels  of  lati¬ 
tude  sre  nut  coaceisric  from  one  band  to  ths 
next.  Thus  gaps  exisl  when  two  or  more  bands 
are  depicted  is  a  sisglc  map. 

In  the  Mercator  system  the  earth's  surface 
is  projected  lo  h^lsagitudinal  rones.  Whentheas 
xone  projcctiosis  arc  abutlcd  they  join  only  a.  the 
equator.  The  gapsincreasc  in  sire  with  increas¬ 
ing  north  or  scMib  latitude.  Thus,  fiircpresct^ 
ing  the  earth's  soKace  on  a  flat  plane,  simu¬ 
lated  missions  oscr  large  areas  of  the  earth's 
surface  result  im  serious  navigational  error*. 

Aoi^lSer  related  problem  is  the  finite  limit 
in  the  length  of  a  mission  which  can  be  covered 
by  a  single  map,  aom.^.ttcr  how  small  the  scale. 
Problem  interruptions  for  map  changes  reduce 
the  cffccti vcocss  of  the  simulation  and  ought  to 
be  avoidc'd. 

There  is  owe  ioirrosting  solution  to  both  of 
these  problems  which  deserves  mention  here. 
The  :>nly  way  to  accomplish  uninterrupted  global 
missionsie  a  scale  large  enough  lo  provide  suf¬ 
ficient  accuracy,  is  a  manner  which  avoids  the 
interruption  is  picturing  data  caused  by  gsp*. 
and  unthout  suliferisg  the  distortions  of  planar 
projection,  is  tbrough  the  use  of  a  global  relief 
map.  A  simulator,  m  which  the  entire  earth  is 
depicted  in  relief,  has  been  the  subject  of  an  ex¬ 
tensive  desigs  study  by  the  Systems  Division  of 
Bendix  Aviatisw  Corporation  and  Aero  Service 
Corporation.  Aaartist's  conck  ption  of  the  simu¬ 
lator  is  shown  is  Figure  5.  In  additionto  simu¬ 
lating  global  flights  of  manned  aircraft,  a  simu¬ 
lator  based  oothe  ssc  of  an  accurate  giant  globe 
in  relief  could  also  simulate  missile  trajectories, 
satellite  orbits  aud ground  radar  nets.  Training 
missions  could  he  set  up  to  solve  synthesised 
problems  in  radar  «savigatior\  tc  r  rain  avoidance, 
radar  bombings  search  and  tracking. 

In  additioa  ts  these  pnniipal  applications 
thr  simulator,  hy  virtue  of  its  unique  design, 
could  syitthesise  problems  in  global  dead  rec¬ 
koning  navigatiou.  photographic  reconnaissance, 
television  rtciMusaissance  .ind  pictorial  telemet¬ 
ry,  infraird  reconnaissance,  countermeasures 
.ind  j  immmg.  missile  gui dance- ta rge t  homing. 
ai4i  missile  aud  satellite  reconnaissance. 

The  globe  pictured  in  the  illustratioti  Is  an 
84*  d  t;ar.ictcr  geodesic  sphere  fitted  with  a  gn- 
oidal  skin  depictiug  the  earth's  surfaeein  relief 
atascaleof  r'VM.OOO  with  a  vertical  exaggera¬ 
tion  of  ): I, 

The  map  scale  has  been  chosen  to  provide 
a  Unit  targetarca  resolution  of  2&0  feet  {  0,  004** 
at  l:SOO.OOO  scale). 
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Let  u»  now  examine  the  enterti  or  y^rU* 
sticks  agsinst  which  to  evaluate  the  va  riouA  siinu- 
lation  techniques.  In  ju'lging  a  given  technique, 
it  is  necessary  to  considerthe  achievable  rc»0' 
lution,  range  of  simulated  altitudes,  niaximum 
ground  range,  overall  equipment  site,  uwrall 
equipment  c  oniplexity,  maximum  mi  s  si  on  r.%nge , 
navigational  and  presentational  distiirlions  and 
ei  rors,  the  c  apabi i ity  of  a  Ic  r  rai n  a  voidunc c  pre - 
seni,4lion,  and  ease  of  providing  radar  realism 
effects  Such  as  attenuation  with  range,  aximuth 
beam  width  d  I  stortion,  andcardinal  point  «'f(r<  is. 

Fcatu  re  5  a n<l  Lirrulation#  of  Existing  T<  *  htnqu«  s 

The  plusandminus  iacturs  foruath  '»f  thi  xc 
techniques  may  be  convenicnll)  l.ibul.ilnl  nid  arc 
shown  in  Figure  6.  Stjmeaddition.il  fo.nment  *• 
helpful,  however,  since  the  reaS'jn*  Itjr  -inH  eX» 
tent  of  some  of  these  limiiaiions  should  be 

On  the  plus  side  of  the  ullnsurui  technique 
is  its  long  history  of  continual  devt  l upmvnl  ard 
ini p ro vem cnt.  The  nunihcr  of  simulators  pre- 
xcrjtly  deplcjyedin  thefield  aileststolhefact  that 
this  system  works.  The  scale  r.\lio  between  the 
propagation  of  n.icrowavo  energy  in  air  and  the 
propagation  of  uUrasoric  energy  in  water  re¬ 


strict*  the  scale  of  the  tcrr.mi  model  used  tp 
1:200,  OCO.  There  are  both  advantages  and  dis¬ 
advantages  to  thi  s  la  rgc  scale.  Onthc  plus  side, 
it  mean*  that  the  n.i\-i galional  and  presentation- 
af  Jisiurtions  .ind  errors  duetolhc  map  projec- 
lion  arc  small.  This  larger  scale  al so  me ans 
that  the  over.ili  .accuracy  of  simulation  is  High 
because  of  the  .»c<ur.icy  with  which  a  m.ip  atthls 
scale  can  bv  ionstruclcd.  On  the  other  hand, 
this  large  fivv'l  scale  means  that  the  maJcimum 
inissiun  ran'^'is  ext  reme  ly  limited  with  respect 
III  modern  mission  requircmrnls  unless  A  large 
1*1. ip  IS  xjffi'i.  Thuii,  the  overall  »quipincnl  sise 
I  *  quiio  I..  rgo.  For  hirnul  aling  D- 4  7  flights  in  an 
ullr.i*>>iuc  ir  iini-r,  for  ex.iniple,  it  was  neces- 
?ia  ry  In  fabric  .it *•  •*  1  vr  rai  n  model  measuring  9'  X 
lb*  in  a  single  piece. 

While  the  over.iU  equipment  si&c  may  be 
large,  it  is  n.H  exceedingly  compleju  The  elec¬ 
tronic  s  .ind  the*  mechanical  design  are  relatively 
slr.iighlfor wa  rd  since  no  ron‘pM*alional  circuit- 
try  it*  neerssaiy.  Highlights  and  shadows  and 
must  other  video  signal  effects  occur  naturally 
m  this  system  because  it  mimics  the  principles 
.*nd  geometry  of  the  actual  radar.  Because  of 
this  limitation  In  principle,  ili.  ^  w  ;iC  d  •  able  that 
a  terrain  avoidance  capability  could  be  added  to 
an  ultrasonic  siniul  ator  in  the  same  mannerthat 
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Ihe  >ctUAl  r^dar  perform*  this  operation.  Un¬ 
fortunately,  hguevcr,  such  a  mcdjficatioa  would 
be  pointiesf  becausothe  physical  stre  of  the  ra¬ 
diating  crystal  ta  so  large  a*  to  limit  the  mint- 
rnum  altitude  (which  can  be  aAmulated)  to  a  few 
ihoueandfeet  abovethe  terrain.  Thisia  prrhapa 
tht  moat  aevere  limitation  of  this  tcchmcpie  in 
thelight  of  the  present  tactic  a»  fequi  rernenia  for 
low  level  flight.  It  does  not  mean,  hov.cver,  that 
the  technique  ia  not  usable  in  the  aimolaiion  of 
radara  and  cystems  where  low  alluude  la  not  a 
problem.  Another  limitation  '•  Vhc  lOO-mile 
maximum  ground  range  due  to  the  attenuation 
of  ultraaoQfC  energy  in  watei.  Such  a  realric- 
tion  rules  out  the  use  of  this  technique  in  aimu- 
laitng  long  range  radara. 

Addit'onal  maintenance  on  ultraaonic  aimu- 
latora  is  necessary  because  of  the  large  water 
tank.  Problems  attendant  on  maintaining  proper 
water  temperature,  purity,  lack  of  air  bubble*^ 
tank  cleanlinest,  etc.,  are  a  nuisance  but  are 
not  technical  limitations  of  Che  technique. 

In  both  the  optical  analog  techniques  as  well 
a*  in  the  ultrasonic  technique  the  resolution,  ac- 
cuiacy  .md  maximum  mission  range  are  deter¬ 
mined  and  limited  by  the  map  scales  used.  Re¬ 
cent  wurkin  relief  map  technique!  make  it  pos¬ 
sible  to  achieve  ^00'  horizontal  resolution  at  a 
scale  trf  1:1,000,000.  A  etnndard  maximum 
vertical  error  is  0.030"  and  it  is  possible  to 
achieve  0.  020".  As  the  map  scale  increases, 
resolution  and  accuracy  increase,  Put  the  max¬ 
imum  radar  range  ia  limited  by  the  light  output 


of  the  flying  spot  ti  inner  in  one  case  and  ilie 
point  light  scurce  in  ^.c  other  casa. 

One  of  the  princi[>.il  diffe  rente  a  between  tHe 
two  techniques  it  in  the  low  altitude  limitation. 
In  the  flying  spot  acanne  r*  photomultiplier  tecli- 
nique,  the  physical  size  of  the  multiplier  tube 
restricts  the  n;nimum  altitude  to  about  2»5(K> 
feet.  However,  recent  developments  in  high 
power  point  light  sources  allow  the  use  of  Uie 
point  light  source  -  TV  pickup  technique  for  •imo- 
latior  .It  very  low  altitudes.  A  typical  instrv- 
rnent  designed  for  use  as  the  optical  antenna  in 
an  analog  simulator  is  shown  in  Figure  7.  Modi- 
ticatiun  programs  or  product  improveme rd  pro¬ 
grams  are  currently  under  way  to  improve 
low  altitude  performance  of  the  optical  teck- 
nique  using  the  flying  spot  scanner  and  phede  • 
multiplier  pickup. 

Another  difference  between  the  two  optical 
analog  technique s  is  that  rel i ef  di itortion occur* 
in  the  point  light  source-TV  pickup  method,  but 
nut  in  the  flying  spot  scanner*  photomultiplier 
pickup  methc>d.  The  placement  of  the  TV  camera 
violates  the  radar  geometry  in  erder  that  the 
shadows  can  be  seen.  Viewing  the  illuminated 
■ci-ne  from  above,  the  camera  sees  the  terraia 
peaks  in  pcrapcctivv  r.ithrr  than  orthogonally  and 
thus  depicts  them  with  a  radial  displacement  out¬ 
's  .»rd  from  the  optical  axis.  The  extent  ol  dis- 
pl-iccnic  rt  IS  a  function  of  the  ground  I’ange,  the 
height  of  the  peak  and  the  height  of  the  camera. 
Figure  8  shows  the  relief  distortion  expressed 
in  percentage  of  ground  range  for  objects  of  io- 


572 


r ‘gu  f f  7 

crcasiof  Wight  a\  tevenX  vrrtic^il  rudgj^vrjtton* 
of  a  give*  fcotiionul  mip  9cil<-.  Thr  tarrw-ra 
h«gh»  «•  Ci»«lanl  in  thv»c  cili-uUtion#.  Since 
the  111 » iiniar  camcr.i  huRh'.  i«  usuilly  (ixrd  by 
rr-.cch»mca44csign  c un*idccaiioni  t!»i»  error  ran 
(>«■  St  be  faiaimircd  by  using  small  •rale  inapt 
having  nmaiiilal  VI  rlital  raaggrration.  The  act¬ 
ual  ratia  •*  lh«  vertical  tcale  in  the  horiiontal 
tJejacmla  M  the  particular  gcograpliic  area  cov- 
c  red  by  dha  oaap. 


Figu  re  '• 


A  pint  factor  on  the  aide  of  the  optical  tech- 
niijuea  is  that  the  overall  equipment,  thojghlarga 
in  aiie.  it  relatively  timple  in  mechanical  da- 
aign  and  electronic  circuitry.  Csritiiug  aimula- 
tora  utsng  these  techniques  have  met  their  re¬ 
quirements.  for  the  mist  part,  with  exeellent 
resultn. 

The  principal  aieets  of  the  computaticial 
techniques  arc  the  trvniendoua  rnductirinin  map 
scale  allowing  extended  missions  over  several 
thousand  r-nlis.  and  the  absence  of  a  low  altitude 
limit.  The  variation  in  radar  return  and  video 
signal  effects  with  altitude  is  a  comnoted  func¬ 
tion.  Ijlewitr.  shadowc.  terrainhiglilights  and 
f^lurns  from  shore  lines  and  other  natural  and 
cultnrai  features  (ahieh  may  be  depe  ndent  upon 
horiiortil  and  verlifal  asp.rt  angles)  must  be 
computed.  Tills  mol  t  s  the  resulting  elci  t  ronic 
circuitry  of  the  .,ve  r.ill  cquipme  nt  ve  ry  c  i.iv.plcx 
and  gives  .-ise  lu  the  requirement  for  mainten¬ 
ance  tiers. line!  skilled  in  cimputcr  cirr.illry. 
Ontneedher  h-.nd,  pc  rs..niiel  skilledir  m.  <hani. 
eal  nvairl.  n  ini  e  .1  r,  r.  qul  rc  d  to  maintain  opti¬ 
cal  analog  equipn  .  nls. 

11  sho-.ld  In-  n-'ied,  howvver,  that  the  ute  of 
map  teal,  t  ..f  I :  I,  000,  OOC  or  I  :S,  000.  000  c  re- 
ate's  great  pi..l.lerr.s  in  preserving  pUnim,.-!  rir 
arciiracy  .ir.d  s  .hili-.n  ui  the  syslem.  Itis  ob- 
vi.iuslv  diflicultto  St. .re  highly  deiai led  i n.  urma- 
lii.n  wath  lid.  Illy  at  the  te  ccales.  An  even  more 
svnout  preblem  is  that  nl  maiiiiaining  the  nai- 
crodcnsity  of  the  ph.ilngrap’.ic  image  at  the  pro- 
p«  Tlrvr!t>  ’U  ghe  l«  rrJin  cli*votion»  bn* 

fortunalely.  ll.en  is  n  d  m.irh  published  in'or- 
rn-Mion  nuinl>»  r  \>(  repf odueiblt* 

inc  r<  nu*nt»  th.it  c .iti  l>c 

read  nut  t.f  a  nhs*  ..gra)>hic  i  rantpa  rency  at  the  sr 
•  mall  scales.'  The  rlevatian  accuracy  lor  pur- 
poses  of  detc-rn-.lning  sh.adois  lengths  and  fnrtcr- 
rain  av.  idance  presentation  is  limited  by  the  a- 
bility  to  encode  th.  terrain  devationinformaiion 
properly,  la  read  it  out  and  to  compute  it.  Ex¬ 
tensive  programs  are  now  under  »  ay  to  impr  ove 
the  phetographic  tcchniquet  involved  in  prepar¬ 
ing  inapt  uf  this  imall  scale  in  order  to  mini, 
mire  there  prublcin*- 

ovpidjnce  crpabilily*  *  recent  re» 
«jiii rrmentp  i*  nunrged  rather  rimply  in  the 
torppul-xlionj)  technique  of  timulalicn.  Af  noted 
on  the  chart,  U  »•  pofsiblr  in  provide  a  terrain 
avoidanve  capobiJity  lor  the  optical  analogtech- 
luque  iisingthe  point  light  ■ourcrandTV  pickup. 
Such  .»  modification  uuuld  be  feasible  but  diff>- 
cuU  at  amjJl  map  scale*  tinre  high  precision 
mechanicoJ  conipcnicnt*  arc  required, 

A  wvrd  should  be  said  rrga  rding  hybrid  ty  •- 
tern*  '•hich  attempt  to  combine  the  be*t  feature* 
several  tecVinique*.  An  example  of  iuch  A 
^  :■  »•«  1*  the  y  105  Simulator  in  which  the  re*o- 
.on  and  accuracy  of  the  optical  technique  are 
j  ^OTTTpojiied  by  a  ey*tcmui.»ng  a  reflective  map 
•  an  which  1*  encoded  terrain  elevation  infoririA- 
tiun.  The  p«rpo»e  of  the  auxiliary  map,  the 
roadoiilfor  wl  ichis  oynchroniaed  with  the  poAi* 
tion  and  motion*  of  the  main  unit,  f»  to  provide 
information  for  A  terrain  avoidance  pre*entA- 
tioo. 


.  ..  i 
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Thu(,  it  it  teen  that  no  one  technique  pro- 
videt  &1I  the  aniwcrt.  Etch  hat  itt  ditadvan> 
taget  AT>d  theve  ar*  not  all  ■imilar. 

Preaent  Directiona  and  tha  Future 

Current  tactical  wci^pona  ayatem  re^quirae^ 
mentaare  for  alow  altitude  .apability  and  atcr- 
rain  avoidance  cap'ebihty.  Aa  noted  in  the  ear¬ 
lier  dtacuaaion,  the  newer  corrputational  tech« 
niquealend  themarlvea  dircctlyto  meetingtheae 
two  renuiremcnta.  The  aucccaaful  em;»loymcnt 
of  theae  tcchni<)uca,  however,  ia  not  without 
aonrte  aac rifice  in  accuracy  and  resolution.  High 
pe  rformance  ai  rc  raft  flying  at  higher  apeeda  for 
longe  r  ranges  definitely  require  a  longer  mi aaion 
capability  than  previously  designed  into  the  ana- 
simulators.  A  look  at  the  future,  how¬ 
ever.  indicates  that  newer  radars  going  into 
these  high  performance  weapons  systems  will 
require  in  their  simulation,  greater  accuracy 
and  resolutiontn  bnth  the  bomb-nav  presentation 
as  well  as  in  the  terrain  avoidance  mode.  The 
importance  and  stringency  of  e.teh  of  these  re¬ 
quirements  will  vary,  however,  for  each  indi¬ 
vidual  weapon  system,  Rrqutretncnts  for  Air 
Force  bombers  will  be  different  frem  those  for 
Navy  hiavy  attack  bombers,  fighter  aircraft  will 
h.ivc  yti,  another  set  of  fcqui  rein  ent  s. 

It  would  bf  wasteful  of  buhlidiv  and  nioney 

l.»  i  Kjncl  ea<h  of  the  usiny  aVliniics  to  invi’St  in 
the  development  of  a  >imulat.)e  utuch  did  any¬ 
thing  more  than  meet  Ih.if  specific  require¬ 
ments.  A  univ<‘rsal  t<*ihniquc  doe»>  n  »t  now  e*- 
ts*.  and  it  seepis  quite  cte.ir  that  if  it  were  pos¬ 
sible  to  deSili*p  one  tlie  v.i]n.'  uf  suth  versatil¬ 
ity  would  be  ouiwi  ightid  by  the  extreme  cost 
No  leconique  citi'd  mthi,.  piper  is  w'lthout  its 
limits.  Each  ha  »  soinethinp  to  offer. 

It  c.in  be  concluded  then  that  a  simulation 
system  >h(iu)d  h«‘  seUcti'd  in  the  basi'<  of  a  de¬ 
sign  ^huh  mi'it:»  the  p.irlnola/  •'•qui  r<-monts 
rather  than  on  Ihe  lijsis  jf  li  i  hmq.ie  which  is 
new-  and  proiiiisi's  ’'pic  in  hi.y".  Pro^rains 
din-tli-J  tuw.icd  .idv.incin^  l!-.e  Nlale  of  the  art 
sh<julcl  b«*  fu«t<',*4-J,  but  -h  i-.ild  b«'  <.irried  on 
64-pa  r -iti-)  y  fr,>ni  (hube  'aIhiIi  .ire  nii'ant  to  pro¬ 
vide  wor.  .ibli’  btiiitilalors  f  ir  .1  gyinj;  w4-apon 
.sysliin.  It  is  thi-refurc  proposed  that  restraint 
.ind  <>l>  4-1  tivity  be  fXe  rci  >4-0  in  »4-lectnig  a  tech- 
■  li«  fiu-ft  ■«  '■arlii'ular  need. 
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opTimi  CAMcma  auRono  uricuacr  fct  stacs  aisiMS* 

nUU|l  H.  Noator,  JoMph  L.  Ibnrlafv  and  iKinaU  S,  Ucaay 
nasaa  Propolaloa  tdhai«  tapnhUr  Aalatian  Coat'**  Vai»li>td*ld,  laa  Tofft 


sowMtr 

In  apaca  q^ataM  Uw  aXflclaat  aitlllutlxai  tX 
mmrtX  can  ^  criUcal.  Maqf  pulsed  aparatioa 
daaicat,  a.g.,  a  plaaaa  angina.  Inaelia  cbarglng 
a  cODdaoaar  parlodlcallj.  Tba  afflelanegr  of 
•oart9  traaafar  (i}>  to  an  Initially  unebargod 
esndansar  (C)  ubao  a  cniiatant  CC  anaifea  aolt- 
aga  is  applied  thnx^d>  •  rasiatanca  (S).  ultfe 
Inductanca  (t)  assuned  taro,  la  dh<Mi  Unltad  to 
SO%,  aran  if  R  aarlaa  ybitrarllj  during  tha 
charging  procass.  T?  L^O.  ^  can  bs  nada  U> 
^proach  lOOK  bp  charging  in  a  parlodie  noda  and 
toralnatlng  at  tha  end  of  the  first  jh*c7cla.  Tbs 
jpa<ralalta  L.  wMeh  la  a  fuactlon  of  B,  C  and 
charging  tlaa  T.  can  ba  foraldabla  and  ita 
uelgbt  large.  To  prorlda  gulda  llnca  In  the 
selactloo  of  practical  Toltara  shipas.  tha 
Calcubis  of  Variations  la  uaad  to  dcrlTc  ttkaorrsaa 
for  the  •parfoct*  tlae- shaped  applied  soltagoa 
that  optljalaa  i)  vhtm  the  dalirered  enarnr.  t, 

C  and  T  aro  fizad.  Pour  aodaa  of  prascrlblrig 
R,  as  a  function  of  tlaa  (t)  and/or  currant 
(i),  ara  treated:  a.  Constant  Rj  tha  key 
conlltlcn  la  constant  currant  for  the  full  charg¬ 
ing  tiaa  allcncad;  tho  soltara  la  a  ondlflod 
•alasalod  raap’i  ^^al/daERCA).  can  ^>proach 
lOOi  and  la  Ic^apar^fA  of  L.  b.  R(t). 
e.  R(l).  d.  ~K(t,l),  Initial  oondensar  solt- 
ages  can  lead  to  inprosed  afflclcncieai  mti  ara 
eonpatlbla  f  cr  use  vitb  a  plaaaa  accelerator 
stage  tfiara  they  tond  to  i^ljr  larga  accolerator 
anurgf  utlllsstlon  factors.  Proalalng  soltaga 
ahaoaa,  aporoiioatlng  the  Ideal,  are  ajrnUiealaod. 


I.  IKTROWCThR 

In  an  erer  Increasing  ouaber  of  power  spstoos.  sa 
vail  as  those  coablnlng  power  and  cowunleatloo 
functions,  it  Is  of  paraaount  InportaiKs  to 
optlaite  tha  efficiency  of  eocryT  transfer  g, 
i.a..  the  ratio  of  tha  anargy  d^isered  to  that 
glsen  up  by  tha  source.  5ach  an  opt  tala  atloo 
procedure  Is  distinctly  differeot  than  the  usual 
one  In  aost  coa.-iunlc»llcn  sjcstess,  where  a  aaiijaw 
absolnte  oower  transfer  la  genaruIVy  atsod  for 
laithoul  euch  regard  for  tha  efficiency.  In  fact, 
in  the  usual  auziaun  sever  transfer  attuatlon, 
f  ia  only  about  60(. 


*ibrld(»ed  fr.^  Hefs.  1-3,  vhirh  were  partially 
supported  by  the  Offlsa  of  Rarul  Research,  and 
snouVI  t.  r  I"  Trcd  to  for  wire  detail.  Hushera  In 
puroi,  h-se-  rer-.r  to  the  reference  section. 


Oofortunataly,  a  less  oif  rgr  la  ga— raTly 
roflnctsd  In  the  weight  of  tbs  snatry  sovran, 
for  naral  or  area  (round  gpplicatloao  this  vslg^ 
can  pfioo  bo  sonowhat  of  o  problMs  hat  ftr 
aerasautlcal  and  oapoclally  aatroBaailodl  pppBlr- 
cations  it  can  ba  quits  crucial  la  ita  offbrt  ■■ 
tha  total  aystoa.  This  is  oapoclally  traa  for 
those  propulsion  gystetaa  In  Uiich  aost  of  tha 
energy  ia  supplied  to  the  propoUant  rathw  IhoB 
being  geiMratcd  ia  tha  prepellaot  ItsolfioJ. 

Many  pulsed  omratl  sn  dee  leas.  o.g..  bapublla'a 
plaasaa  anginal  inwolrt  cbarglng  o  ccadaaaor 
periodically.  A  alnplli'led  schaoatlc  of  a 
typical  ITR  aorlea  fbedljig  notwort  la  glvoa  1» 
Mg.  1.  Tho  energy  source  S  ebaxgoa  ^  tho 
capacitor  bank  C  relatlraly  slowly  IV  — — -  of 
the  currant  i(l)  through  tho  raalataaBO  ttti 
and  the  Inductance  1.  where  t  deisoleo  tho 
tioo.  In  such  s  stags  tba  csoaettcr  book  pli^o 
tha  role  of  a  load.  Tha  bank  eoltago  oad  charge 
aro  s(t)  and  q(t)  respectlsaly.  aasd  tho 
svsircs  Toltare  e{t).  ft  tha  cooplotlca  af  tto 
charging  tine.  T,  tha  bank  diachargea  la  a 
ralatlTsly  short  period  of  tleo.  l.o..  It  dla- 
chargea  In  a  poise  fsshlao.  lath  tha  mat  otagpu 

Kirchoff's  low  applied  to  Tig.  1  lee«a  to 


-  *^fO=  Oj  {t> 


whoro 


■r(i)  =  (X) 


w-  facing  Ita  initial  ealua.  IT  a  psrticaljo’ 
c(t)  la  applied  to  a  glren  LCR  with  spacinoi 
initial  conditloea.  all  the  subaequeot  faoKaiclaw 
is  detereined,  e.s.,  1,  s,  q,  y  as  soil 

the  energies  supplied  by  the  source,  oeosaasd 
irrowi-rsibly  by  the  resistance,  stared  In  tba 
•Ossetic  fielil  and  delivered  to  the  posaiaaoac’e 

Rotb  the  Initial  cvr  »nt  and  V0  will  bo 
taken  aa  lei^,  exc  *ha  latter  will  bo  dloood 
to  bo  different  Uian  aero  la  part  IT, 


II.  coiermT  pc  tfpmn  toltao* 

Tl>»  o—  •  ei*«oo  wU- 

knm  MTMtf  wt.  e*n  fcrrr*  st  •  o»»m 
c«M,  M  »*«U  ••  b»lp  Um  b«fle 

If  K  jKd  C  »r«  eoo»t»i>t,  •nd  If  *ddlMoo»Uf 
LiO,  f  Im  mU  knoMB  to  ba 


%  -  tO-c' 


a  noiotanlrallr  lncr«»»ln*  ftinetUiti  of  th»  tlBCla 
ptfMoUr  t/K,  I.O.,  th*  reiabor  of  K  tUa 
coBjUnla  uood  durtn*  tha  charglnx  porlod.  ■ 

Ti.  T/te  for  thl»  e»sa  1*  ploVVod  in  Mg.  2, 
in  ahlch  sarorol  olhor  c»so»  to  bo  dlseusood 
boloo  »ra  »l»o  Includod  for  conporloon.  Tha 

Toloo  of  H  •Italnod  for  the  proient  coa« 
li  ?0*.  Tbot  »uch  a  50*  U*lt»tlon  can  aata  tba 
capaelLor  chargirg  atago  a  aorloua  aaak  link  la 
Bang  aiataaa  bai  bean  ai^haaliod  bf  iararal 
arltaral®'. 

Thla  So#  I'ailatloo  can  to  shown  to  govsm  a»an 
a  •rbi  t.rarllal  during  tha  charging 


If  R  wlM  arbUrarlljt'^)  during  tha  charging 
procasa.  Thua  constant  Tolta^’a  achaoes  that 
attaspt  to  clrcujivent  this  Inhcrant  SO*  llnltatlon 
aarilng  R  ara  dooaod  to  fallura,  o.t*i  those 
constant  current  gonarators  that  usa  a  constant 
Toltara  pcwar  aupolf  and  eary  tha  afracllfo 
Intamal  roslstarKO.  I'oxoevr,  ar  shown  b-'lo«,  If 
tha  constant  currant  Is  attained  by  tailoring  tha 
aourca  aoltara  thia  SO*  Unitatlcn  no  lonrrr 
nacassarlly  appllas  •  In  fact  alaost  100*  affl- 
clancy  la  posasbla  In  sobs  caaaa* 

Wian  9  can  ba  made  substantlalVy 

larger  than  50*  under  so«a  condition'..  *s  la 
■all  known,  tho  currant  rasponsa  aodr  oa-o  ba 
aperiodic,  critical  or  panortle.  Por  the  first 
tsfc.  It  can  he  shown  that  <)<SO*.  for  tha 
periodic  aoda,  hovtrear,  a  can  axcae.-  SO*  under 
appropriate  conditions.  In  particular,  tha 
auTltaui  9  Is  atUlnod  by  arraoglog  to  cut  on 
at  the  end  of  tha  first  i-crcla.  This  9,,,  la 
gleai  I7 


i  (  .  r  C 


->1 //•■/«)> 


are  too  branchaa  of  ijf(T/RC)  (of*  flU 
on  sdilcli  Kl.  (I»)  I*  plotted  to  help  Indicate 

the  rairuirad  aanoclated  L'a).  On  the  higher 
branch  of  o(T/RO),  to  which  tha  lower  T/(IA) 
branch  and  tharafora  tha  hlghy  I  e«rre^>c®d, 
a  innreaeaa  fthaa  52.2  to  l00*|  on  tho  lower 
branch,  a  dec.-ciaae  froa  52.2  to  50i.  Rota  that 
Cd.  (li)  can  only  be  satiaflad  for 
If  T/(1/R)  *•  I®  ^  roel.  If  BR,  (I»)  1*  aot 

aatiafled,  Ed.  (1)  doaa  not  gcecm, 

•  •a  M-s  still  possible  pronded  T/SC^ 
(oaellletor7  condition). 

Though  fixed  aourca  sroltafa  aehaBas  can  lead  to 
high  b'a  In  snea  caroa  and  ranges.  It  mtf  not  ba 
practical  to  uio  such  a  achaaia,  there  often  being 
InUrent  loasas  In  both  lU  crratlcn  and  appllcr- 
tlon,  as  wall  as  critical  tlxaU.g  raqulraMnta. 


111.  0PTIdI2*T10>l  IKhORBia 

In  order  to  serTS  as  a  guioa  In  tho  selactlrn  of 
aoltago  .‘hapes  th*l  ara  both  afflclant  and  prac¬ 
tical,  a  aeries  of  thcoroas  on  tho  ^tialiaticn 
of  tlia  efflcloncy  hr.a  bean  dtrleed.  teploybig 
tha  techniques  of  the  Calculus  of  Varlallinsl 
tha  "perfect*  tlae-chuned  aprlied  aolluges  that 
optisdis  n  for  prescrlbao  USC,  T  and  energy 
Oellaered  have  been  found.  >'oth  a  consta.nt  R, 
as  well  as  »  varl.'.ble  (function  of  t  and/or  l) 
one,  hate  been  treated.  Tha  dotalla  of  the 
apollcation  of  the  Calcu'.ca  will  net  ba  given  hare. 
It  turns  cut  to  be  sinpltst  to  recast  ttie  original 
qurevlsn  on  lha  applied  voHwge  to  00a  on  tha 
assoclaUd  current.  In  either  esta,  tha  a.-ijwer  ll 
Uiust  succinctly  steted  In  ter.--.;  cf  the  c.-rrent- 
tlM  charactarlatlc. 


A .  R  egtyrm 

Tor  omstanl  H,  tho  key  ccndltlcn  la  found  tO 
be  a  rxTStant  current  last  ng  the  full  tins  T 
allowed  for  the  charging  procase.  )n  tarns  oi  the 
final  charge  on  tha  cendensar,  Q,  tha  energy  on 
the  capacitor  Is  slnplf  Q^/2C.  Since  tha  energy 
and  capacitance  are  prc.scrlbod,  It  foUovs  that  lha 
needed  4  Is  datcivilneble  In  advance  (excopt  for 
slm).  Since  q"  ^'idt,  c''nsUot  current  wear, a 
that  tha  currant  is  g'vtn  by 


9  • 


which  can  ba  expressed  In  tern’  of  the  single 
paranater  T/(C  since 


\(^f- 


woat  hold  C^-cycle  tljw  condition),  Th«  L  r*- 
Q>iired  \#  deter^^rted  for  •  Rf  C  *i>d  Tj 

It  often  b«  qufte  larfe  and  lt»  Afl:«ociat«d 
weifht  formidable  In  cases,  eapeclallj  if  Ita 

OVD  reslatlee  c>nlrlbutloo  to  the  total  reslttanc© 
It  to  M  kept  reasonable* 


(Plf.  ;»).  Ihe  I'R  Icaa  rate  la  also  a^nsUoitl 
a  cfT>stcj»t  current  feeding  the 
ccndtr-'.er  nean;  that  both  q  tni  e  rise 
lineeilt  In  tJjn©  from  0  to  re«T>ectleel7  Q  and 
?  denoting  tht  fiial  condenser  Toltagel 
otp  the  IR  drep,  le 
•  Iso  -xinstanli  die»RQ/T. 


Sirace  •  '-j  e  •  ♦  Ldl/dt,  vhefi  the 

required  applied  volta^a  Is  alweya  A9  hlghar 
than  and  of  oDur.'.e  Joo';  not  paaa  thrci.gh  the 
origin  a^  one  mlgSt  sopposei 


c(t)  -  f~  {  ^ 
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PERFECT"  SHAPE 


m.  i.  1,  T,  A*.  •  vn>  iH  V*.  t  rai  ormni  ^  laa  i 
ibutuu  wmmn,  *,  c  and  t  tm  niEScaiaa>  constants  ua  X/m. 

WH  !.>•,  SIITAIOS  FOSirm  AID  KKATITI  PUISUS  HUST  B  SUTUOIVOSa 

tm  •  B  v«,r  nsnmras. 


•  Ua«  •wf  r«elwn»a  tf  radprookla. 


Hian  podtlv*  and  M|»tlT> 

•ourc*  TCltait*  palMa  of  Inflnita  aa^lltwla  aad 
loflnltaidjui  duratloi  ara  auparlcpoaad  at  tha 
baglmUiK  and  and,  raapaetlaclj’,  of  lha  ehargiog 
tiM,  In  ordar  ts  bctn(  tha  eorrant  dp  froa  aana 
to  Q/T  and  dcwa  ta  aare  acala* 

t>ia  ;pUaaa  y  aeblarabla  la  found  to  b* 


7*r* 


T/KC 


(ri(.  2)  idilcfa  Ineraaaaa  aonoUnlealV  vltta  T/K 
and  vproacliai  lOOf  I  Thla  4  la  inlapandaat  of 
tha  aaiua  of  I  that  a  particular  conflguratioa 
adcht  bava,  l.a.,  to  apart *1  L  ^  raqulrad. 

Thua  va  haaa  ahowa  that  «a  can  orartoaa  eoM  of 
tha  rastrlctlona,  and  tha  laaoclatad  walgbt 
problaa,  on  tha  Induetanea  hj  aultahly  tailorlnc 
tha  appliad  roltapa  ahapa.  Niithar  tha  alnlM 
Irradt'ciblc  L  (which,  >(ian  a  DC  la  ippllad 
oauallj  aaana  an  apartodie  rcapcnaa  and  tharafora 
a  SOI  afflciancr  llaltatlui),  nor  tha  larga  S, 
that  aajr  ba  nacdad  for  eoiapattbiUtf  with  oUmt 
facats  of  a  (laan  daatfn,  naad  ba  a  diract 
Itattatton  on  lha  (  attalnabla,  t.a.i 
depanda  onljr  on  T/K. 

Thoufh  lyp^aitceada  tha  J^pcr  branch  of  «y—  bP 
onlj  a  saall  aaount  In  aoaa  ranpea  of  T/flC, 
cspactalXy  at  lha  hli^Mr  T/RC'a  nacaatao  far 
Bubstnntttl  afftelcnctaa,  tt  ihould  ba  kapt  la 
nlnd  that  lha  raqutraaent  of  a  larga  i  for  Uta 
^ejcla  condtttcn  can  bacoaa  qutta  aarcra  ard 
uDtanabla  for  naiif  vaca  daslpta. 


Tba  epUaaa  ^  la  torn*  «*  W 
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lha  aana  fera  aa  far  Uta  oonalart  raalattBoa 
caaa  but  adth  t  nplncod  Ip  Bli(f)a  Iba 
barronlc  aaaraga  aoar  tha  Intcraal  0-T« 
ConaaipuntV  Iba  dlaeaaalae  of  aeaa 

ahat  aiailjir  to  tha  eonataid  ■  caaa,  aad 
larga  affldanclaa  ara  gaterallj  poaaibla.  la 
l^tortaoi  dlffaraaea,  bowaaor,  la  that  AgCT) 
la  a  AincUOB  af  T  far  praacrlbad  H(t)(  aa 
that  T  and  lly(T)  aro  o^  Indapasdaotlp 
apadflabla  la  attwptlng  to  aetilaaa  faaorablo 
oalsaa  of  • 

o(t)  and  o(t}  am  alao  aora  eoapUutadt 
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».  »  V»KttBL£<3) 

In  etnp  ensas  1  eartabla  rartatanea  la  aora 
raaUstto  than  a  conatant  or.a  slnca  tha  affacUaa 
R  tan  aarp  dua  to  a  auabar  of  eauaaa,  a.R., 
heatlnf,  cooltnr,  offaotlra  radiation  raatatvica, 
offactlTa  tntamal  raalatancat  (including  thota 
of  oonatant  currant  ganaratora),  akin  affacta, 
aolld  atata  effacta,  planaaa,  diachargaa,  noit- 
llraar  oni^onaota  and  clrculta. 

If  the  reidatanca  la  a  praacrlbad  function  of 
tlae,  R(t),  tha  kap  condition  for  optlanai 
a'Tlclencp  la  found  to  ba  lha  conatancp  of  tho 
•iR  productf 


i(t)ero= 


a  c«ngtant|  vharo  Rh(1)  la  tha  haraonlc  tliM 
aeereta  of  R(t)  onrar  tha  IntanraX  (ht  dafload 


artth  oMitlcnal  aeltahla  pcaltlao  aad  aagrtlaa 
oouaxa  pulaaa  at  t>0,T  if  1^0. 

Tba  roalatanca  a  praacrlbad  fbactton  ad  oorraiit, 
R(l),  lo  Bhiallj  a  cloaar  approdoatlon  to  tho 
aetuol  pl^alcal  phatoaanoa  thaa  b(t),  l.a.,  tha 

Tulua  aaaaaed  bp  a  rctdataDca  aroallp  dapanda  aora 
oo  Um  carmid  thronih  It  rathar  than  ca  tba 
particular  tina  that  It  hifpna  to  ba,  though  of 
cruroa  It  ta  actnaUp  a  riacUca  of  both,  for  a 
aldo  daat  of  l(l)*a  tho  ooodllloa  and  a 
ara  fand  to  ba  alalljrr  to  Uot  of  tbo  ccnataa* 

■  eaao,  Tho  realataneo  a  praacrlbad  fBnrfon  %X 
both  ttaa  a>d  oorraet  alwltanoooalp,  R(  .,1>, 
haa  bean  alao  troatod. 

In  fblva  papora,  R  a  praacrlbad  fUBcllon  of 
Sts  prarioua  carramV-tlaa  hlatorp,  aa  wall  aa 
aoToral  alUad  aodas  af  ^acl^Sng  R,  L  and 
C,  will  ba  traatad,  a.g. ,  lha  comoilp  ancoaDtorad 
piMB.aanoo  of  L  aarplnf  with  1.  Tba  offset  of 
aoo-irra  SaltUl  and  final  carraata  idU  ala*  bo 
glaan. 


i?>  niTUL  ccrroff^nt  ▼ol^qi 


Thfl  •ffcct  of  an  InltUl  vclUr*  <»  tb*  eor»4m«r 
b««a  ecnaldarad  for  both  K  ind 
applied  voltafoa*  loprovcd  •ffldertcl'tff  opproao^ 
inC  ICOf  «b«n  th«  Initial  voltAfo  ^roadw  tho  tell 
Tolta^i**  aro  poisiblo.  under  uiv 

ditl£«s  of  noTMlltatloa,  the  capacltj^  and  lt« 
aol^bt,  alae  laereaaao. 

Fvr  a  oonstant  praecribed  tha  cfrtiaaa 
efficiap^  tumi  out  to  bo 


Tho  correjpondinf  neaded  applied  n>lta/!a  If 


fbr  *ijr  ealee  of  ro/f#  ^  ^,ro  -^lOOf  ao 
r/K~^a>.  Th«i  fonuil*  shoi*  lh«'.  for  T/NC^  SO, 
tta  lncre»j«  of  9ipt,Tc  *  ^  “-**  * 

pesItlTO  InlUil.  »oU»r«  i«  n't  to®  *lp»lflc««A 
•  inc*  11  olTCO^  e.rcf>cdt  9(Jt  vhen  no  Inltlol 
nlioro  1»  inTo!.»e<»,  thn^^h  for  r-^ry  lor^  altflona 
U  cm  atlU  holpfi’.l. 

IMtr  »o*«  eonditl'ns  of  nonulliotltn,^') 
otco  tho  ertrriy  ^clotlXy  usorJ  fts  opposed  to  tbo 
total  entrfy  Iho  c.tpscltnr  haiik  la  called  upon  to 
iHild)  la  filed  and  V  ar.d  tie  enerfj  deraitleo 
Ia  »jte  c,;«cl*.or  Lank  aro  rostricted  to  0107 
vltnin  rloan  tounOa,  tho  C  needed  la  a  function 
•f  *A*  Under  auch  clrceastancoa,  Oj  ^ 

{oud  tlierefero  alop  T/hC)  in  i-q*  C>)  eculd  not 
be  Ifdepinde;  lly  ;pi-clfleMe  and  i  useful  Inter- 
peertation  of  tne  equation  w>uld  haee  tc  to 
correlated  with  ctner  rolatlonshipo. 


c*  Vi  + 


(an  eleeaied  ranp)  plae  euitatle  pvilaea  aup«r- 
lif>c»ed  at  tK)  and  T  It  O 

As  tbe  paraB«l«r  Increases  fr<w  -1 

♦1^  ijopt.vo  Ificrcasea  •onot&nicalljr  fro«  0  to 
lOOX]  ao  thet  depending  on  whether 
frealer  or  les#  thao  aero, 

tleelj  greater  or  Icpe  than  the  9oci  corre^ 
ponding  to  plotted 

T/flC  la  Vif*  2  for  and  0.75*  For 

T/n>3#  It  J«wa  freo  60t  vhea  ^ 

90jC  vHeo  vo/V*0*7$»  an  l^reeeoent  of  o 
factor  of  I  uhleh  can  b«  very  helpful  In  m«qr 
tlgtitf  voicht-conacloue  apace  deaigna*  Should 
it  be  deelrable,  or  neceaaarj^  to  operate  et 
lover  ealaoe  of  T/V«  the  fractional  tnereaeo 
of  i>optfV9  drauatlCf  O«|ot  ft 

TA£«0.lf  the  fractlonel  ijkereaae  eaceedf  $• 

<$)  llluatralea  that  If  Vq-O,  operating 
It  7/ic  O  iavUaa  that  eron  tho  iptlimi 
efflcioDcy  of  eoerQr  txanafer  vlU  be  linitod  to 
ealuea  below  601^  which  in  oai^  eaaoa  la  Uf>rap« 
tieol  except  for  relatlwelj  ahort  «lMloni  wheo 
tho  wel^i  of  tha  powor  eupplj  tende  to  bo  leaf 
Important  than  that  of  the  capacitor  bank*  For 
the  longer  alealona,  boweTor^  vhen  the  alight  of 
tho  power  SJppV  often  tenda  to  bo  oore  ligicrtent 
tham  that  of  the  capacitor  bankp  one  can  otlU 
operato  with  high  efficlmcj  at  7/FiC^3  If  f 
•ubotentlal  Inlvltl  volt-age  to  ufod* 

*7ii  tho  tjpo  of  plaena  engine  being  drrelnpod  ft 
Rnpublle,  the  Initial  and  final  voltagaa  of  tho 
■cmleratlng  stage  aro  Identical  to  the  final  aid 
Initial  voltagaa,  reapectlvel^^  of  the  charging 
ttago  «  tho  condenser  la  i  ccemon  onet  fortunately^ 
M  hlg^  ratio  of  Initial  to  final  voltige  In  tho 
charging  atige  not  only  lj>croasfa  the  charging 
elflcloncy,  but,  ae  shown  In  Kef*  9f  It  also  tondo 
onder  aaoy  operating  condltlone  to  increaao  tho 
energy  otlUsatloe  fMtor  la  the  aoceUratijig 
•tego* 


V-  yH^Qll-'lNC  PKAf’TlOL  SH/.UcS 

l4g>lo7i/v  the  thsorena  glv«n  hero  as  a  guida,  one 
CM  proceed  to  synl^ssite  prcalsing*  and  perhaps 
oerr  practica.*  /cltaf:«  9hi4>ci  approx baatlng  tho 
perf^t  one.  Sever*!  typical  such  sh*r*a  (Fig.  U) 
we  flven  below*  .:,ach.  rssvsbls:  the  Ideal  shape 
lA  oos  or  wtre  Lv^'htant  fcalures  that  probably 
ksT*  rwesMiable  ch^'icaa  of  being  erhletabley 
shllo  ^InlaitLr.g  *J^osa  aspecif  of  the  Ileal  shape 
for  •‘Jlch  eijch  of  a  penalty  be  jinc'irred* 

\»  :tay»  i.e.,  a  slope  through  the  c^t 
orlfio. 

?.  ..Ictatcd  !.«•»  a  slppe  n^t  through 

tha  ori.^n.  Thnyph  it  resr^blas  tho 
perfect  soape  for  the  C'^nsUnt  B* 

L>0  cave,  It  is  not  neceiaarily  exactly 
idantteil  to  it  sLnet  tho  initial  valuo 
ird  slope  say  need  to  bo  adjusted  to 
co^ensalf  for  the  fact  that  tho 
reoulstte  polaos  art  pot  usad.  If  the 
dtlivorod  enarry  ia  prescribed^  the 
T-xlueo  of  the  paj  a  meters  sf/tclfyiAg  tho 
applied  vi^liage  «a/  ba  arranj^ed  so  ao 
V>  uaxiJilia  tho  tfricitncy* 

y*  nryated  Hw^p  iuitabls  ^Iset  nf 

yiiUto  VlTth  and Kel  3i;n<.TljipD.so<i7 

rslhjr  than  tho  Infinitely  hlgb  Md 
infLnittsisally  narrov  pulses  needed 
for  the  perfect  shape  In  the  constant 
R,  l>0  cate* 

li*  "Plateaued*  E-levated  Ha*T>«  l-v. ,  a  voltage 
that  atarti  out  as  ai  alevsted  rai-^  but 
ere»Uiolly  buccnes  flat*  If  the  flat 
portion  vert  continued  long  enoughf  tho 
CiT/xnt  wculd  decre&as  to  aero*  Thus 
roch  o  oodifisd  sleTitod  rav  hai  tho 
sdraDtsrs  of  tending  to  stiniaite  tho 
ciit*'«rf  current  and  the  attendant  wasted 
Mf7>vtlo  ^tr^,  Without  rsDortlng  to 
sharp  pulses  (perfect  shape),  aa  well  ao 
sot  being  crltlcall/  sensitife  to  tho 
eiact  tJfie  of  cut-off  (^-cycla  clv*rglnf)* 
The  ccocoedlnnt  dlTldetwIs  of  eaair4  tho 
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svttefe  OMT,  t»v  toi  r«U«biUtr 
pr«bl«a.  If  on*  la  oaad,  eaa  ta 
lji|>orUnt  in  acM  rancaa  of  oparatloo. 

S.  llta^ttM  Ilaratad  taiap.  l.a.,  far  tha 
flrat  of  aaob  of  two  auecaaalaa  T 
parloda  tba  raxtafa  la  ooa  polarity  aaf 
for  tba  taeond  It  la  tba  eppoatta.  (Tba 
abort  dlaonarta  tlaa  batwaaa  tbaaa  t«a 
ebarfloc  parloda  la  not  aboMa).  Rota 
that  for  tha  aaoond  parlod,  am  tbo«|b 
tha  polarltj  of  T.  la  rararaad^  ao  la 
that  of  1,  aod  tna  r^A  ratio  raaatna 
poaltlTa.  Conaa^antl/,  tba  aaao  la* 
era  toad  afflclanej  (eo^arad  to  tba 
ag/T*0  cata)  la  poaalbla  tor  bath 
parloda.  Ttaua  It  la  not  oaeaaaarr  ta 
raatrlct  tt«  aourca  roltafo  ta  alnpla 
polarltr  tppaa.  nor  to  raqulra  that  tba 
final  and  Initial  aeltagaa  of  tha  polaa 
dlacbart*  Into  tba  load  (*.ft  *  ploaaa 
aocalantor)  ba*o  tba  aaaa  polarity  aa 
aaeb  othari  l.a..  tba  aoltaia  polarity 
at  U»  and  of  a  particular  dlacbaria 
doaa  eat  ...ro  to  ba  tha  eaa  aa  that 
vitb  %ailob  tha  dUcharpa  bajan.  All 
that  la  oaadod  la  that  tba  polarlllaa  of 
tha  laltlal  and  final  aoltafot  of  a 
partlcolar  charflna  period  ba  tba  aaaa.* 

Tba  probably  hlfh  affleianelaa  attalnabla  rlth 
tboaa  and  other  proalalnt  rhapaa  are  balny  Inaaa- 
tlfatad  both  aealytleally  and  axparliaantaUy .  If 
tbaaa  ahapoa  can  ba  (onaratad  afflclantly  aaoufh 
by  Bodlflod  eonaantlonal  pmar  ai^pUaa.  a  aaatol 
afftelant  (atMrator>f#adln|  natwork  coi^la  atmild 
appear  to  ba  oaally  achlaaabla.  Otharvtas  on*  at 
tba  banaftta  of  the  praaant  ttify  la  to  lodleata 
a  Ito  that  (K>*al(  uoconrantlonal  (anaratora  aboald 
attest  to  brldfa.  rartharso'ai  an  orartU  «p- 
tladiatloo  of  tba  eoablnt.  i«iarator.  foadlac 
eatvork  and  ploaaa  tecalerator  Moold  appear  to  ba 
a  froltful  eazt  atep. 
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*PQrtunataly,  tbaaa  roqulraoanta  and  poaalbllltlae 
era  alao  talpfal  In  a  plaaoa  acoalorator  otaca, 
ahara  It  it  daalrabla  to  hare  tba  ahaolata  Tolaa 
of  tba  ratio  of  tha  final  to  Initial  dlacbarya 
Toltacoa  high  (tha  anarcy  utlllaatlon  factor  ta 
a  aonotanleally  lncrcatln|  fuaotloo  of  the  a^aara 
of  thla  ratio).  Thua  It  tuna  oat  that  tba 
charylbi  arkl  plaaoa  aeealarator  ttayaa  are  bl|blp 
ccopatlbla  vhae  a  oooblnod  daal|;n  la  aoecM. 
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Tirtrcductlcm 

Effcetlv*  evKlmilon  of  tha  air— ta-alr 
weapon  ajetama  reqalraa  accurate  Infnraa 
tlon  about  tba  loterceptor  aircraft,  largat 
drona,  and  alaslle  txajectorlaa,  lacludlai 
the  point  of  cloaeat  approadi  of  the  alaatla 
to  the  drone.  For  alaallea  wltli  hlfb* 
jleld  warheade,  It  la  alao  aecaaaajy  ta 
provide  Interceptor  data  foUoaloit  alaalla 
iauncb  in  order  to  evaluata  ll»  aaeape 
aaneuver.  Several  ajrataaa  hava  baca  daeal^ 
oped  which  provide  elapl#  ecalv  mlm 
dletAnce,  but  the  deecripfad  la  this 

pAper  if  the  first  which  caa  pirowlie  tha 
trajectory  and  vector  aiss^dlstanee  Inflow 
Asllon  essential  for  eonplete  t^eapois^ 
s/stea  evaluation. 

This  new  syatra,  the  AN/'tSi-29  (ll-l),  I* 
officlallj  designated  as  'Scoring  %s1  sa^ 
Vector  yiss  Dlstaacs,*  sr.d  is  also  kAown 
as  HA77S  {‘^jltlple  A‘rbcrf»*  Target  Trajan 
tory  Syttes) a  It  is  Installs  1  oa  tha 
Tglln  C'jlf  Test  Range  In  Florida-.  ?ttTT5 
la  an  alectronlc  trA.>kir.g  s/staa  wbose 
pri&ary  tlsslon  la  evaluating  tha  profla* 
lencj  of  Air  Oefer.se  lostand  pilots  In 
use  of  alr-*.o-alr  rockets  and  alstlles. 
Siallar  systems  are  present!/  or  soon  ta  hm 
Installed  at  the  Naval  CTinanas  Test 
Station  {MII'AS  -  ^^'.salle  Intercept  tbta 
Acr^cisitlon  ,  -Hvlte  Sands  Mlsslla 

Range  UTS  -  integrated  Trajectory  Systca)^ 
Eglin  Gulf  Test  Rar^s  {OOfTTS  -  I>ua  Ctjaet 
Electronic  Tracklr.y  Systea),  sand  tin 
Fad  fie  .'^.Isslle  f.aoge  (BNCOTAA  Range 
Ssfety  Systsa). 

^UTTS  la  «  ground-based  c-w  phase- coe per- 
ison  systea.  Each  InteroeptoTf  aisslln 
and  drone,  carries  a  ssall  c-w  trsssaltter. 
The  transaitted  slgr^als  are  received  t|p 
ground  stations  at  Cape  Gan  Bias  and 
Carrsbelle  (31  alles  apart)  as  lodlcsted 
lo  figur#  1. 


tach  ground  station  detenalASS  a  pair  of 
direction  cosines  sssccLated  vlth  the 
sector  pointing  to  each  target.  All 
iaroraatloft  la  ralsyed  to  a  cantral 
computer  at  T/ndall  Air  Fore#  Baas,  shara 
the  trajectory  of  each  target,  and  tha 
aisalla-dronc  and  aissila-lntercaptor 
sector  distances  at  the  tics  of  slmilmted 
varhsad  detonation,  are  determined 
(Figure  2).  Two  plotting  boards  dlsplAf 
the  trajectory  data  in  real  time,  and 
the  *burat*  and  "escape*  distances  are 
autcnatlcally  printed  out  on  a  typewriter. 


Angle-Heasuriiur  Eoulcmsiat 

Cubic  anglo-measurlng  equlpsent  (A>1E) 
parforas  the  basic  aeesvixesent  at  each 
tracking  site.  The  AME  operates  on  tha 
following  physical  prlnclpls:  the  phase 
dlfforencs  between  signals  received  on  a 
pair  of  spaced  antennas  la  proportional  to 
a  dlrscvicn  cosine  (angle)  of  the  straight 
line  Jclnlng  the  signal  source  to  the 
center  of  the  antenna  baseline  (whan  the 
baseline  length,  d,  is  much  sho*  than 
the  slant  range,  R) .  The  geoaevry  ^ 
lllustraled  In  Figure  5.  A  signal  c 
frequency  f  Is  rsdlstsd  froa  oos  tf  e 
airborne  targete,  at  a  dlatance  R  froa  tba 
center  of  the  bassline*  The  signal  rscelved 
St  antenna  A  has  traveled  the  distance  a,  end 
the  signal  received  et  antenna  B  haa  traveled 
the  distance  b.  It  follovs  that  the  phase 
difference  aeasured  between  tha  antanaaa 
la  expressed,  In  wavelengths,  ssi 

V»nX=«-b  (JJ 

wh*r*  V  1*  th*  carrier  v*v*l*n,th. 


! 


flgur*  1 


How,  It  B  »  d,  tlMB 

e  i  80®  ,  tod 

f  •  d  oat  •  (2) 

vh«r«  6  It  •  dlrtctlon  wiflt  of  Uit  lls* 
JoiDlnf  tho  ticntl  tourco  to  tho  contar  of 
tho  antannt  btMllM.  Tht  dlractioo  cotlnt, 
and  hanct  tba  dlractlon  anfla,  can  tharafora 
ba  dateralned  directly,  tlr.ct  tha  phaaa  dlf- 
feranca  can  ba  Baatiu-ad  and  tha  batalina 
n(th  It  knouni 

cot  £  «  (S) 

Tha  electronic  equlpoent  required  for  Initru- 
eentlng  a  alngle  channel  It  alto  Indl- 

in  Fig\u‘«  5a  A  Dcubl«  L«)cal  Oiclllator 
(DLO)  produces  three  output  elgnale:  two 
(1000  cjrclee  apart}  are  supplied  to  the  first 
sixers,  and  the  third  is  a  lOOO-c/cla  refer¬ 
ence  signal  for  tha  phaaeseter. 


The  first  alMr  tsseclated  with  each  aoVenns 
heteroi/Yies  the  receiver  and  DLO  slgiKklii. 

The  resultant  i-f  signals  sre  1000  c/clss 
apart,  and  have  the  saae  phese  relationenlp 
as  did  the  r-f  signals  received  at  the 
antennas.  Ths  tuo  i-f  signals  are  fed  fro« 
the  first  sixers  to  the  receiver  where  the/ 
ere  added,  aaplified,  anJ  then  detected* 

Ths  output  of  the  detector  is  s  1000*c/cl« 
signal  whose  phase  is  dlrectl/  related  to 
the  phase  difference  between  the  two  received 
signals.  This  lOOO-c/cle  signal,  called  ths 
data  signal,  is  spplled  to  the  pMseseter* 

Tho  phbseseter  consists  of  a  servo  control 
ajsplirier  r  -d  s  precision  gear  train.  Ths 


fl^Alfler  producss  gear-train  shaft  roiatlaa 
proportional  to  ths  phsss  differancs  bstwoea 
tks  data  signal  (froa  ths  Hecelesr)  sad  tbs 
rofarsnes  signal  (from  tha  DLO).  Digital 
aBcodars,  connectad  to  ths  gear  trala« 
dl^ltisa  ths  dlrsctloe  eoslos  dsta. 

f^ss  anariTrlng  techniqxiss  bars  Wso  dseal- 

sfsd  by  Cubic  for  detsraining  saall  pbass 
4irrsrsftcss  with  vary  high  accuraclss,  to 
tbs  point  whers  aeasuresents  sxhibit  stan^ 

«d  dsvtatlons  in  coslns  of  ths  ordsr  of 
IS  ppa.  In  ordsr  to  obtsin  such  prsclaloo« 
tbs  antenna  basellns  is  50  vavslsngtha  long 
(••£•»  about  220  ft  at  225  ac).  la  a  6CK 
sseslsngth  baseline,  however,  phase  asasur^ 
•eats  1  Lai  ted  to  ±  180  are  identical  for 
mf  one  of  100  different  direction  cosines 
belHsen  -1  and  *1*  To  clinLnats  these 
sabigultlee,  the  baseline  has  e  second  pair 
ef  antennas  5  wavelengths  apart,  and  s  third 
pair  effectively  1/2  wavelength  apart*  Tbs 
iktrd  pair  provides  unaiil  Iguous  data  uhieh 
reeolvea  tha  10  aablgvitlcs  of  the  second 
^tr;  these  In  turn  resolve  the  100  aifclg- 
•tiles  of  the  first  pelr* 

la  prsotlce,  s  *cosrse*  neasurcaeut  of  the 
direction  cosine  is  asde  first,  using  the 
third  antenns  pair.  Then,  the  pl»aseseter 
switches  to  the  second  ( *intert<edit*e*} 
pair  to  wake  a  aosevhat  Dore  sccurate  seetur^ 
•sat.  Finally,  It  switches  to  the  50-wat»- 
te^gih  (•fine")  peir  for  the  ultlaate  cosine 
•essureecnt* 

Tbs  preceding  section  hss  described  tbs 
■qpilpeent  associated  with  one  AME  and  Its 
Unree  pairs  of  srtennss.  Two  srucb  AKE's 
{six  antenna  pairs)  arranged  with  sutuslly 
perpendicular  and  bisecting  baselines  eessuree 
two  independent  direction  cosines  (t,  a) 
ivf^ely  detansining  the  direction  to  the 
iorget,  es  shown  in  Figure  4* 
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sine*  MATTS  o(i*r*t*a  on  phnan-enupHrlm 
principle*,  pii***  dlttortlon  vIUiIb  th* 
*j*t«a  eu*t  bo  held  to  «A  ahtnlwie  nlnlaua* 
Advuicwl  reedbsck  technique* >  refuletlea  of 
critical  *olUge*,  precleloa  4**lp  of 
Bochanlcnl  conponent*.  end  earerel  selection 
of  electronic  circuit*  and  eoapsaent*  there¬ 
for*  auil  b*  used  throuffaout  Use  equlpnent. 


Kultiple  Tarmt  TrttcklM 

Multi  pie- target  tracking  1*  aebleecd  b/  hating 
each  of  the  targets  transnlt  at  a  sltghtlj 
dirrerent  frequencT  -  HI  me  (iBleresptor) , 
224  »c  (drone),  and  225  nc  (nlaell*).  Coenon 
nnter^a*  r-f  azpliriara  and  0U>  slgrtals,  are 
uaed  for  all  of  the  targets,  thus  producing  a 
different  1-f  output  for  each  target.  Indlt- 
liual  1-f  aapllfler*  separate  Ibes*  output* 

In  the  recalver. 


Free  this  point  on.  each  target's  signal  1* 
handled  aeparateljf  as  prevlottslj  described 
for  the  single-target  sjetesa.  Ccspeneatlon 
for  the  effecll'.elj  different  baseline*  (In 
wavelength  units)  corresponding  to  the  dif¬ 
ferent  received  frequencies  occurs  In  the 
dste-reductlon  process. 


Deterslnlne  Soetlel  Fosltlen 

Position  In  specs  Is  deteralnad  free  the 
■ensured  direction  cosines  bp  trtanguletlon*. 
Figure  5  lllustrete*  the  epstca  geoMtrp. 

The  source  S  li  et  som  locatloa  la  space 
described  b/  the  Cartesian  essordlnete*  x.  7. 
and  t.  If  the  dlreetloo  cosloe*  aaeiiured  at 
sit*  01  (at  0,0,0)  are  refarred  to  as  t,  and 
and  the  direction  ooelnee  ■eaeured  at 
^te  02  (at  0,H,U)  a*  t  and  i^,  Ibens 


T  =  -j 

1  =  Rj  -*5 
vbms 


(«) 

(5) 

(6) 


(7) 


Cquatlone  (8).  (8)  and  (10)  express  lb* 
Cartesian  eoordisatci  of  the  aous'ce  potltlos 
In  tcraa  of  (1)  the  direction  eotlnes  asasused 
froa  two  aaparats  altet.  and  (2)  the  alt* 
••paration. 


Data  Handling 

tn  order  to  aak*  full  us*  of  the  spstca'*  In¬ 
herent  tracking  accureep.  the  MATTS  output 
data  Is  procatsed  to  a  raaolutloa  of  5  part* 
per  ellllon.  Tberefore.  each  direction  eoain* 
la  derived  at  an  I'-blt  blnarp  word.  An 
additional  bit  Is  required  for  algebraic  tlga. 
since  the  dlrectlon-coslne  value  aap  be  poel- 
tlve  or  negative.  An  Adcon  Ril-lS  o^lcal 
encoder  provides  a  ]S-blt  ’fine*  data  word 
for  each  direction  cosine.  A  slapler  electro- 
aechanlcal  encoder  (Llbrascope  709)  la  coupled 
through  a  gear-down  arrangeDent  to  each  Adcon 
encoder  and  produces  six  bits  of  Meoarae* 
data  plus  one  additional  bit  for  baeklseh 
coiracllon. 


Substituting  this  value  of  lato  Ore 
prevloue  equation*  pleldas 


X 


A 


(8) 


P-, 

^2*1  -  ^l^ 


(9) 


Th«  enco<3er«  4re  selectively  loterrofated  20 
tlseap  10  tlneSp  or  once  per  tocood  m  co^- 
■anded  by  MATTS  interoel  tlalDf.  Each  encoder 
feneretee  a  Grey  code  n^iaber  on  intarrogatioB, 
and  aeparato  Cray^to-'binary  convarilona  ara 
Bade  for  the  nubbera  Id  eecb  encodar  pair. 
Backlftih  affecti  are  clioilnaied  by  embininf 
each  pair  of  *eoerae”  and  *flne*  aneedar 
readloge  to  fora  the  final  19-blt  Mard*  lacb 
aaaple  coaprieea  eia  vorde,  correapoadloc  to 
a  pair  of  direction  coalnet  for  of  the 
three  tar^eta* 


ipyqwipipiapp 


CaJlbrallon  number*  repr«»«ntlng  th«  varlAtloo 
of  each  trarget  froquencjr  froit  an  aeeuaed  valua 
ar«  darivad  In  each  aaapla  Interval.  The 
aeeuAad  valua,  In  aach  caaa,  rapraaanta  a 
ooninal  offeet  bat^«r.  the  Vargat  fraquancy 
and  the  actual  antenna  spacing.  A  burst  of 
20*ke  modulation  is  Inserted  In  tha  Inter¬ 
ceptor*!  trannlasloo  at  Ilia  instant  of 
aisslla  launching;  a  slail^r  burst  is  Inserted 
in  tha  aissile*s  trana^^isalon  at  the  Instant 
of  sLoulated  varhead  detonation. 


The  six  direction  cosines  and  three  call- 
tratlon  vords*  derived  at  each  site  during 
each  interrogation,  ure  converted  Into  s 
special  feline  for^aat,  sagr.etlcally  recorded, 
ar.i  trar.sai tied  via  r-f  llrik  to  the  cerspater 
at  ?>'ndall  Air  Force  Base,  “ha  fonaat 
includes  tixing  date,  idantl ficatlon  data, 
ar.d  spaces  reserve  1  for  indicating  release 
ar.i  Ourst,  la  addition  to  calibration  nuetbers 
ilrecLlon  ccalr.ea.  lata  Is  truiis  tl  tte  1 
•■I'.err.ately  frc3  c!.e  tracKln,»  site  and  then 
t“.e  ether  so  as  tc  appe/u*  serially  at  the 
cc:cp'aier  center  a;.l  thereby  zlnialze  buffer 
storage  requlrecteris. 


To  cc^pletely  u/nchrcr.ite  the  data  taking  and 
trar.otl sslor.  st  the  '.wo  traTklng  sites, 
raster  tlaLn^  (3  kc,  Is  gor.eratei  at  tne  Capa 
ian  5  las  site  and  traciialtted  to  Carrabelle. 
There  1*.  is  cnplcyel  frr  syrchrcrUlng  all 
pertinent  lata-hanlllr.g  ope!t»tiors,  incluiir.g 
interrogating  the  '.r.codera,  eyr.chronli ir.g  the 


Ing  cpcfitltn,  and  trn.-.arl tt Ir.g 


format  data  to  the  cerputer.  1-pps  slgna' 
is  also  transmitted  frea  Cape  oan  Bias  to 
provide  reset  capabilities  in  tre  event  of 
nc.rentary  loss  of  the  basic  5-kc  synchron- 
iilr.g  signal  or  other  texporary  equipment 
3x1 f unction. 


Afi  Input  buffer  unit  at  tha  coaputar  alta 
racalvaa  snd  stores  tha  12  dlractloiH'COSlM 
and  six  callbrsticn  words  trsnsalttad  In  aaab 
•aapla  Intarvsl  from  tha  two  stations, 

(ricdra  c;,  A  Bandlx  G-l&O  eoaputar  Is 
aaplayad  for  ths  eoaputatlon,  and  ona  of  Its 
mmm»rf  lines  is  progranaed  to  s/nchronlsa  iba 
Mtrj  of  tha  data  stored  in  tha  buffer  mlt 
diracily  into  the  proper  computer  maaor7 
channels  for  subsequent  operations. 


Two  separate  a^in  programs  are  stored  on  an 
auxiliary  tope  unit  associated  with  the  rom- 
pulcr.  Thaoe  progratii  (1)  flrst-sode  oper¬ 
ation,  where  trajectory  points  are  coaputed, 
and  (?)  5a?cnd--!.o1e  operation,  where  burst 
ana  escbpe  vector  calculations  are  perror.»ed. 
Durlr.g  U.e  trajectory  computation,  inter¬ 
ceptor  and  Irene  p^tha  are  ccaputei  at  the 
rate  of  or.e  x-y>^2  set  per  secend.  The  x  and 
y  cocrdlr.ates  of  Inlerctptcr  and  drone  are 
slmulth.-et- usly  plotted  on  the  first  plotting 
board,  ani  the  ccrrespcndln^  y  and  X  values 
are  plotted  on  the  second. 


Afttr  the  missile 
the  plctt’.f.i:  bcur 
iro«>e  trajectcrle 
siinwil,  the  setet. 
auxiliary  miicnetl 
computer.  The  :o 
and  nlaslle  x-y>t 
from  this  Informo 
sits  dlsta'.te.  Ti 
the  ir.terctptcr  x 
fro*  this  inferos 
escape  ilstance. 
out  by  Hr.  eleciri 


launch  slgr.al  is  received, 
is  display  fsisslle  and 
8.  Ln  receipt  of  the  burst 
i  ("ourst")  program  on  tha 
c  tape  ur.lt  Is  fed  Into  the 
tputer  computes  the  dror.a 
at  simulated  b’.irst,  and 
tlon  Jeterralr.es  the  vector 
he  ecmp-jter  also  cc-.putes 
•>••3  at  simulated  b-irst,  and 
tlon  determines  t^^a  vector 
These  /uljes  are  printed 
c  typewriter. 


In  the  "burst*  program,  linear  Interpolatloo 
ts  employed  between  the  x,  y  and  z  /slues 
froa  the  samples  ixsediately  before  and  after 
to  determine  exact  positions  at  the  time  of 
slaulated  burst,  this  final  cospu- 

tatlon,  the  cc.mputer  also  compute*  tha  Inter* 
c-aptor  trajectory,  ao  that  the  pilot*s  escape 
■anauver  msy  be  rvaluoted  fron  irspectioo  of 
the  plotting  board. 


Tha  HATTS  jate-hrtndl Irg  equipment  includes  a 
nisaber  of  self-cbecxing  features,  First  of 
all,  known  Gray  cole  numbers  may  be  Inserted 
St  tha  Input,  er*d  the  final  output  format 
values  check'd  afair.st  a  stored,  correct  value. 
Any  difference  between  tha  two  Is  externally 
signaled  to  indicate  equipment  malfunctioo. 
^terglnal  checking  is  also  provided  where  tha 
known  Cray  coded  number  is  cyclically  Inserted 
into  tha  Input  and  certain  voltages  are 
Inoreaaed  and  decreased  in  known  sequence  do 
various  parts  of  the  equipment,  with  mal- 
fui>ction5  again  being  observed.  Defective 
circuit  boards  may  be  readily  located  by 
this  technique  and  replaced,  since  the 
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variation!  ara  coofloai  t®  partleaLar 
dlvltlona  of  tbs  oqulpMcit. 


« 

! 

I 

“IgMre  7  ahew*  a  t/pleal  Intercept  alaiton 
pio^tel  on  the  x-y  arid  y-e  boarda.  fba 
plotted  dror.e  trate  continue!  to  point  of 
burat,  while  t:.e  Interceptor  path  la  Indicated 
up  to  the  tl.te  of  la’jnch-  The  alaella  track 
la  plotted  free  luur.ch  to  burat,  while  tha 
Interceptor  tree*  la  ahovn  following  burst. 

In  the  particular  =lislen  shown,  the  drone 
and  Interceptor  are  ut  aubatantlally  tha  asAO 
altitude,  with  the  resultant  tuperpotlilon  of 
their  trsclta  on  ho  y-i  board. 

The  e.tployaent  of  thli  AK/03<i-29  (XI-1)  iwo- 
atatlon  tracking  aystaa  for  syaluallon  of 
Intercept  alsalor.a,  aa  deacrlbad,  representa 
only  one  of  its  capcbllltlea.  Other  appli¬ 
cations  of  al.tllar  ayate.Ta  Include  range 
eafeiy,  drone  guidance,  alsslle  evaluation, 
bonb  storing,  air  trofflc  control,  alaulated 
firings,  and  forcu.tloo  attack  scoring. 


PRACTIC/X  STRIP  TRANSMISSION  UN£  COMPONENT  DESIGN 


By 

V.  T.  Norwood 
Englnooriof  DivlMoo 
Hughes  Aircr&fl  Cofnpsoy 
Culver  City.  CeXiioroie 


The  snslytts  of  strip  trsnsmiesion  line  wes 
covered  thoroughly  «nd  reported  in  symposis 
(ivs  yceri  sgo.  .Cohn*  w)^  was  rcspoosible 
for  most  of  the  original  analysis,  has  recently 
reviewed  the  statue  of  strip  transmission  Uns^« 
and  -las  asaeinbled  an  excellent  bibliography  of 
65  papers  on  the  subject. 

TKs  Need  for  Strip  Transmission  Line  and 
Choice  oi  lane  T y pe 

Our  original  motivation  for  employing  strip 
trinsmissioo  line  in  receiver  designs  was  ths 
nted  for  miniaturisation.  After  becoming  in* 
volved  in  component  design  work,  the  addU 
Uonal  advantages  of  proJuction  control  and 
accuracy  have  made  the  method  attractive  even 
where  packaging  requirements  arc  not  stringent. 

Initially,  components  which  were  offered  as  a 
‘'«hcli« item*'  by  various  manufactuiers  were 
evaluated  aad  found  unsuitable  for  our  very 
sensitive  receiver  applications.  We  decid^ 
to  design  components  so  that  performance 
could  be  optimized  in  the  frequency  ranges 
required  aad  so  iht!  each  circuit  could  be 
shaped  for  the  available  space.  Strip  trazis* 
mission  line  is  best  exploited  by  employirj 
meticulous  design  techniques  ano  if  choosing 
circuit  layout  to  conform  to  system  rc« 
in  every  detail. 

The  first  applications  for  which  strip  trans« 
mission  line  offered  the  onl^  solution  was  one 
involving  mixers  supplied^ronn  a  common 
local  oscillator  line.  The  mixers  with  thel.r 
i.f  matching  circuits  and  filters  were  to  weigh 
less  than  four  ounces  and  were  to  be  pvtitiooed 
oa  the  rear  of  a  tracking  antenna  dish  In  a 
thin  aiuiuUr  region.  In  addition^  r«f  leakage 
and  accoustical  noise  vibratioo  requirementc 
were  se/ere.  With  these  objectivee  in  mind, 
the  transmiaa-oQ  line  crosS'Sectioa  shown  in 
Figure  I  waa  evolved. 


- osn  - 


Figure  1  Cross  Section  of  the  Strip  Trarvs> 
mission  laaeu 


Two  ground  planes  ars  clamped  together  wiflh 
the  dielectric  sheet  in  between,  eupporting  the 
conducting  stripe.  For  a  sheet  containing  aa 
entire  r»t  circu  t  with  many  componcate.  th# 
ground  planes  are  fastened  along  each  ttri^ 
edge  so  that  the  finished  effect  is  that  of 
several  tunnels  as  shown  in  th#  Figuro  2« 

This  is  a  typical  circuit  which  was  phot^ 
etched  from  doubly  coppcr>clad  KELZf  sheeta. 
The  d-«sired  inner  conductor  pattern  is  first 
Inked  very  precisely  in  as  large  a  scale  as  is 
practical  (a  factor  of  ten  is  often  necessary)* 
The  drawing  is  then  ohotographed  in  the  proper 
Scale  for  etching  directly.  For  production 
items,  a  control  pattern  should  be  included  on 
every  photograph.  A  ground  plane  drawing  is 
made  with  reference  holes  to  coincide  with 
those  on  the  inner  conductor  drawi*.4g.  If  tbs 
circuit  is  to  be  fabricated  in  large  quantities, 
the  sloped  sides  arc  drawn  and  photo-mLUiag 
is  used.  hiUboratory  models  are  generally 
made  with  straight  sides  by  end  mills  and  if 
a  complicated  set  of  ground  planes  is  to  b# 
duplicated  as  many  as  eight  to  ten  times,  a 
template  for  a  reproducing  mill  is  made* 

The  carved  ground  planes  silord  a  rigid  cno- 
chaniral  structure  with  accurate,  ground  plans 
positioning.  A  mixer  in  this  form  has  fua&» 
tiooed  within  specific stions  during  shock  and 
vibratiott  tests.  This  ccnTiguratioa  also  conop* 
eusat*s  for  ’ptd.nc?  ‘.'tr^^Tlcr.  caused  by 
noo.uiiiformities  in  the  dielectric  supportiog 
sheet  etnee  the  ground  plane  separation 
creates  with  sheet  thickness.  The  outermost 
edges  of  the  circuit  can  be  projected  against 
exleroal  radiation  by  incorporating  a  lip  cm 
either  ground  plane.  Internal  radiations  ars 
Curtailed  by  good  r-f  matching  at  every  June- 
tioa* 

Before  adopting  transmission  line  dimeosions* 
it  was  necessary  to  determine  the  effect  of 
curved  ground  planes  upon  the  electric  field 
of  the  conducted  wave.  Although  ths  effect 
of  vertical  walls  can  be  deduced  from  ths 
transverse  attenuation  expression  (27  db  of 
attenuation  for  each  unit  of  lateral  dlsplacs- 
ment  equivalent  to  the  ground  plane  spaclAg)* 
it  is  still  instructive  to  measure  ths  imped-^ 
ance  for  a  given  strip  conXiguratlon  by  msans 
of  a  d>c  resistance  analogue  method. 


*  *'A  Reappraisal  of  Strip  Transnils  eloo  Lans**, 
Seymour  B.  Cohn,  ’'The  Microwave  Journal*** 
Volunoe  J,  No,  J.  March.  I960. 
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conducting  olemontt  of  a  croi«*c*ctAoa  cS 
•trip  Une  pointed  on  Teiedeltoa  p^pcr  wit^ 

«s  l^rg*  A  ic&le  (Actor  At  cao  b«  tccommo- 
dAted.  A  cAiibrAting  figure  of  two  coaxIaA 
rings  it  drawn  on  the  tAmt  paper  and  the  d*c 
conductivity  between  inner  and  outer  conduciore 
for  the  two  figures  Art  conr.pAred.  U  it  im-> 
portAnt  to  utt  circulAr  tym'‘'*ry  in  the  ctLU 
brAtiog  figure.  And  it  it  Ad*  .tAblt  to  cbeck 
the  unknown  figure  in  two  dirccrions  to  reeolv« 
Any  grain  effect  in  the  paper.  Conductiirity 
measurements  will  also  vary  with  humidity,  ee 
thit  both  mcASurements  must  be  made  at  tliA 
same  time.  ]t  was  decided  to  keep  the  \'er« 
tical  portion  of  the  grojnd  planes  1.  S  strip 
widths  away  from  the  widest  strip  Likely  to  be 
used  so  that  the  impedante  curvee*  for  a  atrip 
between  two  infinite  slaba  would  fcpply« 

The  ground  plane  spacing  was  then  determinsd 
by  calculating  *.he  smallest  dimensions  which 
permitted  a  130  ohm  strip  to  be  etched  wi.hin 
the  photographic  tolsrsnces  of  one  miL  Strip 
thicknesses  were  limited  to  *Jiose  in  which  di« 
electric  sheets  can  be  obtainef  with  good  qual¬ 
ity  control.  Our  original  cho.ee  was  influenced 
by  sheet  thicknesses  which  were  standard.  h<jn/^ 
ever,  subscqusntiy.  our  own  plastics  experta 
hive  found  it  necessary  to  develop  'r.ethods  for 
producing  copper  clad  sheets  with  goad  adhesion 
properties  and  I'uckjicas  variations  no  greater 
than  aO,  001.  At  firs^  it  w^s  thought  that  the 
ground  plane  spacing  should  be  large  ervough  ta 
accommodate  the  standard  r-f  diode  package, 
but  was  foreseen  that  smaller  diodes  would 
become  available  and  this  consid  eration  wie 
d  scarded.  Large  transmission  Une  dimensiona 
have  been  used  for  special  applicatione  such  as 
varactor  diode  circuits  in  ‘vhicli  m.niaturisatioo 
must  be  compromised  in  order  to  provide  higs 
Q;  hewever.  the  circuits  discussed  here  hAN*e 
aJl  been  made  with  the  0.  Id"  ground  plan* 
spacing  shown  in  the  sketch. 

Me JSurit^  Method s 

A  fatnentable  amount  of  effort  was  expended  im 
designing  and  building  movable  /robes  in  strip 
transmission  line.  Both  vertical  and  hortxoo- 
tal  probes  and  carriages  have  been  tried  and 
found  troublesome.  Probe  alignment  is  tediou* 
and  Tiust  be  checked  constantly.  One  niuU 
have  simple  joints  in  the  inner  conductor  in 
order  to  have  a  versatile  traveling  probe  And 
this  has  proved  difficult  in  our  configuratioiu 

Th  e  method  which  has  proved  most  valuable  \m 
us  involves  the  use  of  a  good  commercial 
slotted  line  with  an  accurate,  repeatable  slide 
screw  tuner.  Any  equipment  between  the  line 
And  (he  component  under  test  may  thee  be 
nuUi  fied. 

In  the  beginning  one  is  in  the  awkward  positiom 
of  needing  a  ^ooi  load  in  order  to  design  a 
transition,  and  a  good  transition  to  design  i 


lend.  This  pair  cau  be  refined  very  quickly 
after  a  few  tries  by  overdesigning  the  load 
taper.  A  seriee  of  good  in-line  traaeltioive 
wae  firet  designed,  having  VSWB'e  of  l.OZ  in 
%arrow  frequency  hande,  Tranaitione  for 
ecioal  components  were  then  made  covering 
M  mepe  with  VSWR  <  1.  OS.  With  a  weU 
matched  transition  and  i  movable  short  having 
4  VSWR  of  30.  the  wavelength  Ut  a  6S  ohm 
etrip  was  measured.  A  constant  value  for 
t  g  of  .92S  was  measured  at  3  kxncpe, 

4  kmepe.  9  kmepe  and  IZ  kmepe. 

Verification  of  this  measurement  was  obtained 
when  a  junction  vas  formed  by  removing  the 
dielectric  on  either  side  of  a  conducting  strip. 
The  resulting  mismatch  caused  a  VSWR  of 
1.08,  whereas  the  value  calculated  from  the 
ratio  is  1.075. 

to  the  dreign  of  components  for  laboratory 
testing,  machine  shop  capabiliUes  are  ofteo 
tAnueniial.  For  example,  a  short  curved 
to  accommodate  an  end  mill  was  foand  to  bs 
just  a^  effective  as  a  square  short;  therefore, 
quarter  wave  stubs  which  occ'ir  in  strip  trsne* 
mission  lint  designs  now  have  semi-circular 
e  ids. 

Components 

Following  are  describsd  components  which 
have  been  designed  for  use  in  many  different 
circuits. 

Proximity  couplers  were  designed  ia  the  forra 
shown  in  Figure  3.  The  dielectric  wae  cut 
away  from  the  coupling  region  in  order  to 
avoid  the  effects  oi  dielectric  inhomogcDeities 
on  the  closely  confined  antisymmetrical  mode* 
The  coupling  variation  with  strip  separation  is 
linear  for  couplings  from  10  db  to  AO  db  and 
has  a  slope  of  189  ib  >>er  inch.  This  corrs- 
•  ponds  very  closely  with  the  expre s sion  a, < 
where  s,  is  the  transverse  attenuation  iu  db 
per  unit  length,  and  b  is  the  ground  plane 
spacing.  This  coupling  relationship  aod  con¬ 
stant  directivity  of  8  db  holds  throughout  ths 
(requ*n:y  range  fronn  8.5  kmcps  to  IZ  kmeps. 

The  8.5  directivity  is  significantly  less  txiaa 
l>e  ZO  db  which  would  be  expected  from  theory. 
The  directivity  caci  be  improved  by  using 
matching  posts,  but  there  is  an  attendeot  dimi* 
notion  in  bandwidth.  Equipment  used  for  ob¬ 
taining  measurements  of  the  coupling  and 
directivity  appears  in  the  referenced  figurs* 


♦  Seymour  Cohn,  "Characterl Stic  Impedance  od 
Shielded  Strip  Transmission  Line'*,  Volume  Z, 
IRE-MTT  No.  2.  July  1954.  pp.  52-27. 
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A  double  coupUr  was  datlgnad  using  tb‘9  saina 
difnsnaloD  sKown  for  the  singla  €oupl«.r.  With 
tho  uBuied  arms  inaUbetl.  tha  two  coupisrs 
were  co*npleta|y  independent  Ln  conpUng  and 
directivity  ajid  each  evidenced  the  character- 
Istica  of  a  single  coupler.  Mismatchiaii  var¬ 
ious  arms  canted  power  to  be  reflected  into 
other  arms  in  i  completely  predictable  manner. 
The  m!ir«  bends  used  in  the  couplers  caussd  a 
VSWR  oi  1,09. 

The  coQventlon^l  3/2  1  hybrid  ring  has  been 
found  to  exhibit  evecUent  power  division  and 
V5WR*t  less  than  1.1  over  the  fre<|uency  band 
from  6.7  Krnept  to  9«  4  kmeps.  The  iosertion 
loai  fro-n  eve  arm  to  another  is  about  0.  15  db. 

Holders  for  1N23E  and  1N415D  crystals  have 
treen  designed  using  coaxial  sections  withtrans- 
formers  for  adapting  from  strip  transmission 
line  to  the  crystal  shell.  In  each  case,  the 
noise  figure  for  many  samples  hts  met  those 
•tated  by  the  manufacturer  for  standird  wave-> 
guide  mou^kts.  A  major  cause  of  difficulty  in 
dsstgiung  goad,  rugged  miniature  crystal 
mounts  is  the  variation  caused  b>-  torsional 
strain  on  tlic  diode  contacts.  Good  m«chAr\ical 
support  must  be  provided  withojt  gripping  the 
terminals  so  firmly  that  vibrations  arc  trans- 
lated  directly  to  the  diode  junctioo. 

T  raasitions  front  strip  transmission  lirkc  to 
waveguide  have  been  designed  according  to  ihv 
sketch  shown  in  Figure  4.  In  one  ease,  Che 
VSWR  did  not  CKceed  1.  1  frovi  9.5  tumeps  to 
11*0  Kmepe  ^d  in  the  other  case,  the  tame 
performance  extended  from  6.  5  to  9.4  Kmeps. 

A  perpendicular  transition  from  miiiiaturc 
coajual  line  to  strip  transmission  tins  was 
deeigned  and  the  V3WR  was  less  than  1.  1 
from  8.6  kmeps  to  9. 4  kmeps. 

Capacitive  filters  for  passing  microwaves  and 
Inhibiting  Intermediate  and  lower  frequencies 
have  been  designed  using  the  **dovc<'tail''  form 
seen  in  the  circuit  pnatograph.  The  VSWR 
does  not  exceed  1.  1  fro-n  $.75  kmeps  to  9.  3 
kmeps.  It  was  found  necessary  to  use  gaps  of 
fou^  mils  and  to  draw  the  artboard  in  times 
fifty  Scale,  It  was  determined  exparim^ritally 
that  an  etching  tolerance  of  Oil  coalc  be 
used. 

The  threCx^way  power  divider  shown  in  Figurs 
1  IS  fed  with  miruature  coaxial  cable  which  Is 
perpendicular  to  Ih's  stripboard.  In  the  first 
application  (not  shown),  the  permissible  phase 
discrepancy  among  the  three  paths  was  less 
than  ?  1  mil  pee  inch.  We  thought  it 

iniportant  to  choose  a  symmetrical  junction 
even  though  a  perpend. cular  type  Is  often 
hard  to  match  in  a  sntall  space.  It  was  not 
possible  to  retain  symmetry  in  the  lines  thern^ 
selves  NO  the  final  lengths  were  chosco  experi- 
rrientaUy.  The  lengths  were  first  drawn  with 


equal  center  line  lengths  and  these  were  found 
to  differ  by  30  degrees  in  three  Inches.  TW 
VSWR  on  tile  Input  arm  was  lass  than  1.  4  ia 
the  frequency  range  from  A,  8  kmeps  to  9«  4 
kmeps. 

The  photograph  shows  the  positioning  of  Uf 
matching  elements  on  the  etrip  Iransrrisslon 
line.  This  utilises  space  otherwise  wasted 
and  p£.rmite  short  lins  lengths.  Where  it  ie 
possible,  the  i-f  input  coils  might  also  be  In¬ 
cluded  on  the  r-l  circuit. 

Coo;lusiooe 

In  dcsigrung  a  strip  traunsmisslon  line  circuit, 
one  ahould  arrange  his  components  so  that  the 
maximun.  iiumher  of  C'>mponents  ‘may  be 
placed  or\  one  board,  thus  insuring  exact  re* 
proJu.tion  of  line  lengths,  minimising  manu¬ 
facturing  costs,  fninimizing  connectors  and 
optimising  apace  usage.  A  aing'.e  strip  trana- 
niissiofi  line  co.-nponent,  such  as  a  mixer, 
does  not  compare  favorably  in  size  with  its 
waveguide  counterpart  because  the  transitions 
n\tist  te  included  in  the  competition;  however, 
as  more  components  are  added,  the  waveguide 
circipt  grows  relatively  more  cumbersome. 

The  succese  of  the  Anal  design  rests  on  the 
drafting  technique  and  the  fabrication  control. 
The  latter  includes  careful  monitoring  of  the 
photographic  process  and  ise  ol  materials 
that  are  dimensionally  stable  with  go>d  strip 
.adhesion.  Capable  plastics  advisors  can  offer 
invaluable  assistance  to  the  electrical  designer 
in  getting  the  most  ojt  of  strip  transmission 
lins  for  each  application. 


Figure  Z  Typical  Receiver  Circuit 
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A  MCU  CTHO  TOR  AUTOPILOT  USE 

By:  Sahag  Dardarlan,  Projact  Engineer,  Kcarfott  Dlvlaloo,  General  Pieelelon,  Ine, 


INTRODUCnOII 


Thla  paper  dlacuaaee  a  alngle-degree-of- 
treedora  rate  gyro  particularly  aultad  for 
autopilot  uae.  Thle  unique  gyro  eecaee 
and  Integratea  rate  by  a^eana  of  a  capac¬ 
itor.  The  output  la  a  d-c  atgnal  propor¬ 
tional  to  the  auo  of  the  attitude  and  rate. 

Typical  appllcatloua  of  the  Capacitor  Rate 
Integrating  Cyro  (CRIG),  may  be  for  ata- 
billeatlon  or  teleneterlna  where  a  rate 
algnal,  or  a  cooblned  attitude  and  rate 
aisnal  la  required.  Thla  aoall,  rugged, 
lightweight  gyro  la  ideally  aulted  for 
autopllota  In  target  dronea,  ahort-range 
mlaallea,  email  aircraft  and  buata. 

The  Inatrument  may  be  used  aa  an  azimuth 
gyro  monitored  by  a  magnetic  compaaa.  Or, 
it  may  be  employed  to  hold  verticality  by 
meana  of  a  oubble-aw' ich  control.  Scale 
factora  are  rerdlly  chengsd  by  varying 
capacitance  and  reelatance.  The  gyro  la 
caally  zeroed  by  olmply  ahort-circulting 
Ihe  capacitor. 

PRINCIPLE  OP  OPERATION 


This  paper  preaenta  two  methoda  of  rate 
integration,  both  ualng  a  gyro  aa  a 
aenaor.  It  alao  preaenta  acme  typical 
values  which  can  be  expected  from  auch 
a  device  Close  Inveetlgotlon  will  re¬ 
veal  that  both  methoda  are  analogous. 

Tbe  method  seen  In  Figure  1  la  a  mechan- 
leal  ayi  tem  analogous  to  CRIG.  Both  are 
described  below. 

In  the  mechanical  analog  (See  Flguie  1), 
an  Input  rate  O  produces  -a  torque 
around  the  precesalon  axle.  Thla  torque 
la  opposed  by  a  sprlng-lever-dashpot  aya- 
tcm.  If  we  assume  the  daahpot  piston  la 
welded  to  the  cylinder  walls,  the  gyro 
would  then  operate  as  a  conventional  rate 
gyro,  where  the  lever  deflection  la  pro¬ 
portional  to  the  rate  Input.  If  the  dash- 
pot  piston  were  free.  It  would  be  moved  by 
a  reaction  force  of  the  etretebed  eprlng. 

In  an  Ideal  daahpot,  the  force  on  the 
pla  ton  la  proportional  to  the  piston 
velocity.  With  a  conetant-rate  Input, 
the  piston  would  move  with  uniform  velocity 
Inalde  the  cylinder.  The  Lever  L  , 
through  which  the  torque  la  applied. 


I 


Flgura  I  -  MEdANlCAL  ANALOG  OP  THE 
ELECntlC  CRIO 


rotates  to  stalntaln  the  dynsmlc  torqu* 
cquilibrlusr.  Toe  wiper  on  the  lever  arm 
measures  the  total  precession  angle,  'f 
This  la  equal  to  some  constant  timea  the 
rate  Input  (due  to  the  initial  extension 
or  compreaalon  of  the  spring)  plus  an¬ 
other  conatnnt  timea  the  total  time  inte¬ 
gral  of  the  rate  (due  to  the  displacement 
of  the  pleton). 

To  put  comasnd  signela  Into  the  gyro,  sn 
electrical  torquer  can  be  placed  on  the 
precession  axis  to  simulate  Input  torquea 
to  the  gyro.  The  unbalanced  coinnand  tor¬ 
que  will  displace  the  gyro  causlrqi  a 
deviation  frota  null  poaltiun.  The  result¬ 
ing  output  signs!  will  appear  as  an  error 
signal  In  the  autopilot.  The  signal  will 
be  nulled  out  by  a  renl  Input  rate  from 
the  alrfrane. 

Figure  7  illuetratea  the  electrical  CRIR. 

It  conslata  of  a  slngle-degrec-of-frredom 
gyro,  e  plck-off  potentiometer  and  a  wolce- 
coll  torxjuer. 

Input  ratca,  0  ,  preceaa  the  gyro  around 
the  'K'  axis.  Fach  of  the  wlpere  on  the 
moving  armature  eweep  acrosa  the  plck-off 
potentiometers.  The  moving  armature  Is 
connected  to  the  gyro  motor  hou8lr.g.  The 
voltage  gradient  of  each  potentiometer  Is 
Indirect  ratio  and  opposite  In  sign.  Aa 


593 
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Figur«  2  -  ELECTRICAL  CRlCi 


C  Cap»ett«Be« 

C  Supplj  voltaf* 

M  Angular  aocBcntuai  of  g)n:o>whc«l 

I  Moment  of  Inertia  around  preceaalo« 
^  axla 

L  Induetanec  of  torquer  coll 

R  Rcalatancc  of  torquer  coll 

S  Laplaclan  operator 

1  Inatantancoua  torquar  current 

f  Tina 

y  Ratio  of  wiper  diaplaceincnt  to 

maxllmai  dlaplaccncnt 


a  rciult,  when  the  gyro  preccasca  a  po¬ 
tential  exlata  between  the  wlpera.  Thia 
potential  la  placed  acroaa  the  circuit 
parametera  acen  in  Figure  2.  If  we 
neglect  the  capacitor  (conaldcr  It  aborted), 
the  cutrent  would  flow  through  the  tor- 
quer  coll  only.  The  inatrument  would  be¬ 
have  at  a  rate  gyro;  that  la,  the  current 
in  the  torquer  coil  la  proportional  to 
the  rata  Input  0  . 


ff  Input  angle 
X  Torquer  acala  factor 

Maxinua  angular  dlaplaccatent 
wuS  Input  angular  velocity 

Analyaia  of  Cyro  Equationa; 


If  the  abort  acroaa  the  capacitor  weie 
removed  and  the  gyro  put  in  operation, 
the  capacitor  would  etore  the  charge 
that  flowed  thru  the  torquer  coll.  At 
thla  occurred,  the  voltage  acroaa  the 
capacitor  would  Incrcatc  and  that  acroaa 
the  torquer  coil  would  dccrcaae.  Thla 
rcaulta  in  a  smaller  current  floe.  If 
thle  current  proved  Inadequate  to  rcatrain 
the  gyro,  the  gyro  would  preccae  to  a  nee 
position  capable  of  satisfying  the  torque 
requl  rement. 


Suoaatng  torquea  around  the  preccaalof)  axis 

SuJtoiing  voltagca  around  the  loop  ncglact- 
Ing  phaso  shift: 


L‘’yd, +Ri  +  ycJi«if>E 


dt  L  L  dl* 


d‘l 


The  voltage  output  frora  the  potcntiorvtcr 
la  the  sum  of  the  voltage  on  the  capac¬ 
itor.  Thii  is  the  time  Integral  of  the 
current  into  the  torquer  coil  plus  the 
voltage  acroaa  it.  The  latter  voltage 
is  proportional  to  the  rata  Input.  Thus 
the  gyro  voltage  output  la  proportional 
to  rate  plui  attitude. 


In  LaFlace  notation  w«  may  rewrite  the 
above  ae: 
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Figure  5  la  tha  CKIC  output  yaraua  tlaa 
for  a  atap  Input,  O,  .  Tha  voltagt 
riaea,  ovarahoott  and  than  ataadlaa  at 
tha  valua  y(  .  It,  dua  to  tha  raaolu^ 
tion  of  the  potantloaMtar,  thla  value  can 
not  ba  obtained,  tha  gjrro  olll  continue 
to  hunt,  at  a  "bang-bang"  aarvo,  around 
tha  ataady-alnta  valua  yE  .  Tha  tlaa 
average,  howvvar,  will  ba  accurate. 


M  (  LCS*  4  RCS  4  (  ) 

y  •  -  ■ — - - 

"  p/'fmS  (LCS*4RC54M4  JkECjs* 


Similarly,  one  aay  aolve  for^Xa  and  l/a 
and  find. 


If  M  •(•In  L  ia  raallt 


y.  H(RCS4-I> _ 

S*['fmI^S{RCS  +  l)  +  XEC] 


>/  -f  M  1  WC3  ♦! 

•"  ixEcJ  s*ri/»i' 


v.JL  rsiiiJ - — 


lAc  r«  0  ■  R  C 

'  I/tinR 


kCC 


Zi' 


I 

RC 


2« 


< 

2RC 


’A-ilc  {'*-V* 

[(l-oiW|)’  (I***Mq1(*3 

“.V 

v'T-'.T  >-»)} 

y^-^[t+P+'Kf*”fin(  Rf+  k)3 

vh*re  H,^,E  ,C,P,  K.b.R,  and  f 
art  conatanta 


iL  X.-i.._^ri4-T*^*ainC  At  4/1)1 

4t  «  a>  XCC  L  ^ 


rlaurt  4  atwiM  t*«  fyro  output  for  a  atap 
u  input.  At  firat,  tha  uu^ant  laga 
tha  trua  valua  tahaam  doltad).  Tha 
currant  aoon  raacdMa  tt.a  trua  valoa,  orvar- 
ahoota  and  ftnalip  daapa  out  to  tha  tn^ 
valua.  Tt*Ja  tjucaaa  whan  tha  aiiaatura  la 
■oain*  vlth  ca— taait  aniular  veiocltr- 
That  la,  uhaa  tka  inartla  torqua  term 
raachaa  aara. 


Plgora  »  rfM»»a  tW  derivation  of  Jl  varaua 
time.  Tha  atea<f-atata  value  of  J  la 
aaan  aa  a  conataa*  for  a  conatant  la  Input. 

Again  aaaumlnC  L  la  Malli 

i  EMS 


CHES 


I 


»a  Ia»»CR»* +Ip4m»  4kEC 


596 


•  • 


•  • 


•  • 


•  .  f 


' 


Fisura  7  ahowa  tha  output  currant  varsaa 
tlaa  (or  a  conatant  i  input.  Tha 
currant  rlaaa  to  a  ataady-atata  valu« 
proportional  to  tha  input  rate. 

Tha  ataady-atata  tranafar  function  of 

!/d  !•: 


I  H  • 
or  I*  J-  • 

Suimlna  «o’ tagaa  ar»ind  tha  loop,  tha 
foil  owing  la  Irua: 


I 

r 


rigura 


Figure  6  ahowa  that  (or  a  atap  angular 
input  the  currant  I  rUaa  to  a  marlaun 
and  oscillataa  back  to  zero. 


V-EH  \-l - — - 

Sdpi'mRa*  +  S  + 


e  I  r  M  £9  ,  tLla 


-  M  -  .  MR 

and  tharafore  at  ataady  atata: 


TE- +  k  • 


Pcrforaanca  Chsrac  t  a  rt  at  lea 

A.  Hazlaua  Rate  Ranga 


FroB  tha  analyaia.  It  can  be  lean  that 
the  natural  (requency  of  the  gyro  ia 

given  by: 


•’•rs  V  T" 


XE 

'*'0.  If" 


Tha  raaiatante  R  !•  the  total  circuit 
raalatanLa.  Figure  8'>  ahova  tha 
natural  frequency  veraui  axtcmal 
raalatanca  (or  a  typical  gyro. 
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%.  lUxlMHi  Attitsida  R«AC* 


•  • 


•  • 


Th«  at«*dy-at«t«  v*lt«(c  eutfatC  tna 
th«  gjrra  with  •  Input  las 

Cy  E»-l- ~  -  klVe)# 

rtf  aaxliaut  tntcgrablc  «nKl«  • 
la  dapandant  upon  tha  valua  o{ 
eapacltanca  C  a  Inca  tha  aaxiaaaa  C 
out  la  flxad.  rlfura  9  ahowa  tba 
ralatlonahip  batwcea  tha  aaxlBMi 
attitude  aTigla  veraua  capacltanca 
(aaaualn^  0--»  o  whan  •  — »•  •  aLaa). 


Plgura  6a  -  RATE  RANGE  VS.  CXTcSNAL 
RESISTANCE 


Flgura  eb  -  NATURAL  FREQUENCY  VS. 

EXTERNAL  RESISTANCE 


The  ataady-atata  tranafar  fvinetlon  «( 
^  la: 

V  •  \ 


or  !•  — j-  •  k,< 


«  ‘.-X 


If  a  rata  ia  put  Into  the  gyro  when 
It  la  acting  at  a  rata  gyro  (C  la 
ahorted),  tha  voltage  output  la: 


E  ■  IR  >  k,Rat 


alnca  E  la  bounded  by  tha  voltage  on 
the  potentiometers.  Then  tha 
product  of  R  and  w  la  a  conatant. 
The  maxjnun  meaaurabla  rata,  t^Xf 
la  lean  in  Flgura  6a. 


Flgura  9  -  CRIC  AS  A  RATE  INTEG^ATINO 
GYRO  (STATIC  RANGE,  O  ■  0) 
ATTITUDE  RANGE  VS.  CAPACITANCE 


C.  Drift  Rata 

The  drift  rata  of  thla  gyro.,  aa  thait 
of  any  other  Integrating  gyro, 
dapenda  upon  the  bullt-ln  rcatralnta. 
Pigtail  (cat  whlakera)  torquaa, 

■  tray  magnetic  field  torquaa,  aaaa 
unbalance  torquea,  bearing  frlctloai 
torquaa  and  potentiometer  frlctloa 
torquea  muat  be  held  to  an  abaolut* 
mlnloua. 

To  analyze  thcac  factors  la  not  ttm 
purpose  of  thla  paper.H owaver,  their 
compoaltc  effccta  can  be  held  to  a 
value  low  enough  to  keep  tha  drltt 
rate  to  within  I’/mlnuta.  Tha 
largest  frictional  torque  la  that 
due  to  the  potentiometer.  Thla  way 
be  eliminated  at  tha  expenaa  of 
Incraaalng  the  required  clcctroolca. 


c  /-  ■ 
•.*  >.■ 


9  • 


»  • 


t  • 


r  — • 


I 


A  atavl*  E-brldgc  type  take-off  aair 
-foe  avtetltutad  for  the  potentloa«tor 
a.  a.  a.«U_  tranaducar.  Ita  output 
caa  ba  fad  Into  an  aaq>litiar, 
daoMdalatad  and  ratumad  to  tha 
torquar  coll  aa  a  dlract  currant. 
Ibla  amrrant  la  than  tha  output 
proportional  to  rata. 

fianplod  auat  be  provided  In  thla 
Inatanca  aa  the  loop  la  unatable 
without  tha  pota'.4tlonctcr  friction. 

In  taalac  tha  potent  Icmatar-type 
CRIC.  a  dajBplng  of  0.3  to  0.3 
critical  (coulounb  equivalent)  la 
obtained  fro*  the  potent loocter 
frlctlcn. 

Sunnary 

The  CRIC  la  a  compact ,  rugged,  light¬ 
weight  gyro.  It  is  ideally  suited  for 
uae  In  autopilots  which  require  a 
signal  proport  lonal  to  attitude  and 
rata. 

The  natural  frequency  of  the  Instruaent 
could  reach  33  cps. 

The  naaliaM  Input  rate  dependa  upon  tha 
axtema*.  realstance  of  tha  gyro.  It 
auy  be  aa  high  aa  ll0*/aae. 

Tha  auudsaas  attitude  Indlcetlon  la 
proportional  to  '/c  .  Ualng  a  300 

capacitor,  a  range  of  30*  can  ba 
sensed  if  the  rate  it  negligible  tdten 
the  angle  approechas  30* 

The  drift  of  the  gyro  can  be  held  to 
*l*/nlTwt«.  Thla  valua  can  be  derreeaed 
If  an  C-brldga  type  take-off  it  used 
Inataad  of  tha  indicated  potent loaeter. 


naQUEim  stuctna 

§y;  1^,  8.  8.  Salth, 

U.  8<  *I»T  81«ctronle  Pro^lnf  Ground*  Fort  /(tIi«b8 


At  MM  futvt*  d«ta  tt  U  ««tlcl8at«8  that 
*l(nal  traijuattCjr  antlnaa*!**  offUara,  fuMtlo*- 
U(  aa  fart  at  tba  cotmao4  ataff,  *111  hava  at 
thaU  dlapoaal  Jlald  lyF*  FriKtaala*  a8«t8> 

•aat.  Wbaa  auch  a^ulpMat  la  aaallabla,  It  la 
our  lotantloo  to  proalda  a  taalad  aad  provaa 
radio  (raquanex  aalcctlo*  tocbaltwa  utlllalag 
tba  high  apaad  coaigutatlanal  cagobllltr  of  data 
ptooaaalng  aqulfMot.  Aa  thla  fraguancir  tt> 
loctloo  aaihod  la  U  tho  grocata  of  davalopMAt, 
Iraquaaey  aailgnaant  llati  *111  ha  gcoaratad 
ualng  approvad  tabloa  ol  orgaaltatloa  aad  aqulF> 
aant  (TOB)  aa  tba  baata  lor  fraquaney  raqulra- 
■anta.  Additionally,  with  tho  co-oparatloo  of 
unlta  already  U  tho  field,  fraquancy  aaalgriMM 
Uaia  will  bo  gancratad  ralloctlng  tho  roqulra- 
•anca  and  I Laltailona  peculiar  to  the  gaogtaphU 
location  and  daploywant  of  thoaa  uolta.  Thaao 
llata  •*/  then  be  anployad  by  tba  uaar  lor  a  two¬ 
fold  purpoa*:  to  faailllarUa  tba  uaar  with  the 
capabllltlaa  and  llaltallona  of  the  proeaaa  and 
alao  to  evaluate  the  adequacy  and  accuracy  of 
tba  tacholqua. 

There  are  aavaral  hlnda  ol  data  raqulrad 
lor  allectlfa  and  afflcleat  frequency  aatlgnaant. 
for  ali^llclty,  catagorliat  loo  of  data  can  ha 
conaldered  In  three  claaaaa.  Ora,  operational 
data  wblcb  la  baaed  upon  froquaetcy  naada,  equip- 
aant  typed  and  the  doctrine  vf  aaploy»ant  of  the 
radio  eo«unlcatloo  conplaa  to  raqulrad  to  ba 
luppllad  by  the  uaar.  Two,  lachnlcal  data  Mat 
be  acquired  at  part  of  the  fraquancy  aatlgnaaot 
BCtnod.  which  Includae  that  laforeatlon  required 
to  coi^uta  the  total  alactromagnailc  anvlronaaant 
contt  Ibuclona.  in  both  frequency  and  sagnltuda, 
of  all  devleaa  under  cone Idarat Ion.  Three, 
conputatlonal  neana  of  applying  the  technical 
data  to  lnpla»ent  the  operational  roqulrananta 
in  the  noat  efficient  and  affective  laanner  la 
nacaaaary. 

A  general  frequan-y  aalectlon  ■athud, 
currently  tomewhai  llailted  by  available  data  aed 
tcchnlquea,  haa  bean  davalopad  enconpatalng  all 
three  requlraaarnta  and  haa  baao  applied  to  a 
apcclflc  probla*. 

The  operational  data  lor  thla  apeclftc 
prubla*  waa  derived  tram  a  training  tent  prepared 
for  uac  In  training  a  algnal  battalion.  The 
radio  network  atructura  la  dlaplayed  fa  two 
acctlona.  Flrat,  o  •ultl-channal  radio  roloy 
ayatani  la  alloyed  to  Intar-conncc t  radio  altoo 
aa  ahown  in  Figure  1.  Second,  a  atructura  of 
putb-to-ialk  radio  note  la  aaployad  aa  lllua- 
crated  In  Figure  1.  Theta  ora  a  total  ol  four¬ 
teen  radio  fltaa.  alghcaeo  radio  nail  and  alghiy- 
ona  radio  seta  uatd  throughout.  Of  the  eight 
aqulpoent  typea  uacd,  three  typea  are  All  and 
five  typea  are  FM.  Fowat  output  of  the  varioua 
tcanialttcra  tangea  Iron  1  watt  to  100  watte. 
Total  tuning  rangca  of  theao  oqulpwonta  la  Iron 
I.S  n»c.  to  JO.O  nc .  and  Iron  36.0  oc ,  to  70,9  ac. 
with  the  AH  equlpnant  occupying  lha  lower  band  of 
fttquenclca  and  the  FM  equlpannt  occupying  the 
higher  hand. 

The  dlapley  of  the  coenunlcat loo  atructurc 
In  rigutea  I  end  2  le  rether  difficult  to  wteual- 


leo.  Xa  ardor  to  oeilit  la  tba  plct«riaattaa  nf 
thoaa  oqwlpaeot-froqooncy  rolatloashlpt  a  aathad 
of  praaaatatloB  of  thla  tatomaita*  wot  dovalof 


Inapectlon  of  Flgurae  I  and  2  revaala  that 
there  ace  fourteen  aeperete  end  distinct  radla 
eiceo.  Theae  fourteen  altea  ere  arbitrarily 
spaced  ar.d  nuahered  (Figure  1.)  In  a  alts  Ideott- 
flcatloa  chart.  Conalderlng  aecb  llab  of  tho 
radio  .elay  tyaten  ea  a  net,  thcro  ara  tlghteta 
aota.  Theta  era  alio  aibltroclly  nunbsrod 
(Flgura  a.)  tor  Identlf Icatloo.  Thari  aro  alght 
dlflcraot  radio  aeis,  using  tba  "AIT'  nonanclacuce, 
used  to  Inpleoant  cht  conaunlcatlon  taqulcaaaots. 
Thaaa  aqulpnenta  era  arbitrarily  nunbarad  for 
tdanclf leatton.  (Figure  6.) 


f 


■  Mtrta,  «A«x«la  ttta  atta 

■aakar*  ara  plotta4  a(alaat  raila  Mt  ara, 
tt  la  aoaalkla  Ca  akoa  tba  aatwork  atnctara  aaA 
afulpaaat  naa4  at  aach  alta  la  aack  aat  la  a  Caoa 
aMiakla  <ar  raaky  Uafactloa.  (flsara  k.) 

At  aach  aat'alta  lataraactloa  la  tka  aatrla  a4a«a 
a  taAlo  aat  U  ra^alraA,  tka  aoakat  at  tka  rakla 
aat  la  ^lacaA.  Ika  aaalaaai  poaalkla  alaa  at  tka 
aBtrla  la  aaaaatUlly  aallaltaA.  lowavar,  tka 
aatrlB  llluatiataA  kara  la  aaly  at  tka  alaa  aaaaa^ 
t*rj  ior  tkla  afaalflc  ftaklaa. 


Tka  atta>aat  aatrla  alaa  yalata  wf  akatk- 
aaat  daealta  dlttrlbutlaa.  At  attc  }  (Otvlalaa 
Haia)  thara  ara  tvalva  radio  aata  <Alla  at  alta 
•  (Olalalaa  SlAaal  OlfUar)  tkara  la  aaly  eata. 
tt  la  alaa  lataraaelag  to  aota  tkat  at  alta  12 
(tagtaaara)  two  dlffaraat  adulyaaata  ara  oaad 
la  tba  aaaa  aat.  Tka  arrai^aMat  al  tka  aat* 
alta  aittia  la  caaplataly  arlltratyi  Ita  prlaary 
functlaa  la  ta  daylet  tba  ofaTatlaaal  data  a^ 
^Irad  fra*  tba  aa»T. 

la  aa  orartclonal  yrakla*,  aa  addltlooal 
Hat  of  data  mold  b*  tafuliad,  aaaaly,  tboaa 
fra^uanclaa  l/laf  la  tba  tualac  r'afs  al  tba 
radio  atalptaaat  aa^  r  conildaratloa  tbat  aay  aa« 
ba  coaaidarad  for  aaa  la  tba  frc^voacy  aaloctlaa 
yrocata  bacauaa  at  aailaaal  raatrlctlaaa  aad 
otbar  ayactnia  aaara.  lor  tbla  laaipts  yrebla* 

It  vtll  ba  aaauaad  tbat  tbara  ara  aa  aocb  Hal* 
tatlooa. 

Mow  tbat  tba  ofaratloaal  data  ta  acaaltad. 

It  la  oacoaaary  la  la^ulra  aboot  tka  tarbalral 
data.  For  oaa  Iblag,  It  la  oacaaaacy  ta  kaoa 
to  tdut  dagroa  tba  oaa  of  aa/  ona  fratuaaoy  by 
acy  ona  of  tba  radio  agulyaaota  will  affact  tka 
Ota  of  any  otbar  (caaoaBoy  by  aay  otbar  agalf*aa^ 
Bot  only  at  tba  saaa  radio  alta  bat  alaa  at  aay 
otbar  Oita  la  tba  yroblaa. 

An  agulyotat  data  library  •aa  aatabllakod. 

A  aorlat  of  laboratory  caaauraaaota  wara  yar2aa» 
ad  on  aavaral  dllfarast  aortal  amtiirad  tra^^ 
•Ittara  of  aacb  tyya,  and  at  aavaral  dUfaooac 
tranaalttoi  fra^uanclaa.  Tba  rar^a  of  aaaaoxa* 
■ant  la  tba  fra^uancy  dcaala  «Mn  fro*  1)Q  kca 
to  1000  oca.  Tbrougboot  thla  fra^uaacy  rai^, 
all  antanna  radlatad  aaryov-baad  algoala  iikata 
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fTMtOT  ckiB  )0  €%  1  «lcro« 

volt  IWm  tttatwrvMBt*  ««r« 

^c«4  to  aarfit  font,  vb«r«by^  flvM 

Amy  amammi.^iMX  fmmdmmrniml  I^^quoacjr, 
fro^Mscy  of  All  >■■§■  rt<  tronsolttor  •furtono 
ro41ottaoo  coulf  bo  colcolotof  mmd  m  nooourbf 
oi^Bol  otroo^tb  attodbof  tboroto. 

Stmilofly,  oovoral  flfforoot  ocrioi  iMbirii 
oooolvoro  of  oocb  typm,  tiNM4  to  •ovorol  flffocoot 
frt qii—c loo,  woro  oobjo<to4  to  o  itroog  tltool 
oovlroi^Bot  to  4otoi«lao  tbo  roi^nto  of  tbo 
rocolocr  to  oocb  mm  oootfofl— ot«  Tho  fro^uooey 
roofo  of  ■ottMfooto  ooo  fro«  10  oco  to  1000  aco. 
Tbo  fyo— 1r  raogo  of  olftool  loval  woo  froo  3  oicro 
volt  to  120  fb  obovo  1  oUro/oU  from  10  to  %00 
oco  mmA  froo  1  oicrovolt  to  100  4b  obovo  1  oicro- 
volt  froa  <*90  to  1000  act.  ti^Ml  oovtroa- 

aoDt  oinlocof  ootoooo  cocolwod  orrrow-boof 
olgnolo.  For  oocb  rocolvor  rorponto  tho  Input 
•  Ifool  lovol  la  4b  above  1  alcrovelt  of  CW  oi|ool 
ro^ulrof  to  coaoo  b  4b  cboii40  to  ou4io  output  of 
tbo  **0^1/**  rocolvor  oao  recor<t«4.  Tblo  aothod 
of  •oooorlaf  rocolvor  opuriouo  roeponsoo  U 
c  IM  Illy  collod  tbo  "oai-olgnol  Mtbod**. 

Tbo  4orlvo4  4ota  woo  roducod  to  aothoooticol 
■odol  fora  wboreby,  glvoo  tbo  tuned  fror^oncy  of 
any  of  tbooo  roeolvoro.  It  woo  pottlblo  to  eolcu- 
loto  tW.  fro^uoocy  of  all  aooowrod  opurlouc  ro- 
spoooco.  Tbo  Mx^lCtdo  ot  oocb  tpurlouo  rotpoooo 
woo  \T\im  itom  tbo  — ooofoaoito.  Mony  detoLlo 
derived  iroQ  tKe  loberotery  aooiureaenct  wutt  be 
noilrcted  La  tbU  payee,  •loco  sueb  a  aoOiyieioent 
pro^raa  is  a  subject  la  Itoolf. 

b/tor  tbo  toboratocy  oeosureaonc  progroa  wo# 
ceaploteo,  co«trol1o4  lletd  cotto  wore  cooduecc4 
tus  a)  curcolote  (iol4  c«»uli»  with  loborotory 
aooour««eota  laclw4Uig  tbo  offocto  of  tHe  oanaal 
aneemo  syotoaa  o»o4  vttb  t’»ooo  e^lpaenti;  b) 
inclufo  tbo  olfocto  of  owMo  ond  reinforceoento 
found  wbeo  acoeuriot  olfnolo  aoor  to  tho  rodlitlitc 
aneneo;  c)  corrolaco  laterfercoce  lovoU  M00<ir  .4 
la  the  lahorotory  vttb  physical  seporotion  of 
4acw«^  Systeas  lo  tbo  field. 

ducoiotber,  arre  tbon  or.e  hundred  4ifforr-l 
sporLau  respoasos  were  clurckod  out  la  the  fi 
ie»ts  as  wore  asro  cboo  two  hundred  different 
irariiroUtcr  spuriowa  radiations  end  over  tKroo 
hundred  liftcreot  coses  of  intcrajdulot  ion.  Kacb 
caso  of  loterfereoee  woo  investigated  with  entenna 
ftystcao  »«p*ra|ed  by  41,  100,  20J,  and  i09  feet. 

?«r  traneaittcr  spurious  rodiotione,  it  woo 
desirre  to  detorainc  tbo  prohobilicy  of  not  hear¬ 
ing  o  ap^.rlous  signal,  v^sto  level  as  aeasured  in 
the  la!«yTat-^y  Is  kfs>nM.  os  a  function  of  phyelcol 
S(.parati_m  nic  «.ni  the  mnsolttlng  ond  receiving 
anceiwws.  Ttw  average  lo«ol  <4)  percent)  or4 
first  a*vd  scowdard  devXailvnt  (bf  ond  95 

prre-^j  v-rf  .|  ««H«resc,  fesults  are  shewn  In 
rir>^  f*  f'<t«-T;)rvcailoa  of  this  figure  It  os 
full  ‘S4;  A. that  ooo  spurious  rodlotloo 
oeas.;r?-l  va  d:,crll.od  abo.o  la  found  to  bOvo  0 
lo.rl  js  Jb  end  0  sosond  opurious  is  found  to 
ne.^  s  I*  cl  if  00  db.  Tho  first  spurious  (35  db> 
win  n't  he  heard.  ^5  percent  of  the  tlwe,  in  o 
rcLeiivr  located  opproaisMte  iy  17>  foot  frow  the 
trasssittcr.  If  tbo  receiver  Is  further  frow  tbo 
traos.sieter,  it  Is  ovoo  loss  likely  that  ioCtr- 
fcremcc  util  «KCvr.  Siwilorly.  the  occond  opurl- 
ouo  itO  db)  will  oQt  bo  beard  fifty  pcrcrai  of  tbo 
iIm  Im  a  rocei.or  located  300  foot  fro«  tbo 


trooooittee.  fhowld  tbo  rocolvor  bo  ptocad 
cloior  to  tbo  Cronooittor  tho  llbollbood  of 
iotorforofico  will  iacroaso;  If  tbo  rocolvor  la 
furebar  a«My  fro«  tbo  traaaaltcar  eba  llbollbood 
of  loiorforooeo  will  docroaao. 


€on.rorsely,  it  It  p'^xlhlo  tu  rolato 
distance  to  ibe  oeasured  Is^ol  of  spurious  radi* 
oilons  that  wkiM.  bo  oacluded  to  the  frequency 
aalaction  process  foi  o  pre^^deternlncd  rollobility. 
For  ooaoplo,  should  i^  bf  known  cHot  avorsgo 
oqulpwcnt  soporatlon  of  200  feet  Is  pusslblo. 
ORCiusloo  of  spurious  radiations  whose  woosurod 
level  was  above  37  db,  jk  db.  or  72  db  *11  pro¬ 
vide  95  percent.  b9  percent,  or  50  percent  (roo- 
4cm  fru«  this  t)^#  of  Interference,  respectively. 

Siallarly.  figure  9  Indlcetee  the  results 
of  field  tests  of  receiver  spurious  responses  io 
*icvms  of  the  weesured  level  of  the  rosponsts, 
;clieblllty  desired,  end  tren«otctar-reetlver 
speclog*.  The  average  systeo  under  cons Ideratloo 
in  this  paper  It  e  150  db  systaw  l.o..  150  db 
path  loss  bsevren  tbe  trensaicter  and  distent 
receiver  provides  a  ainlAio  circuit.  If  It  la 
aesuwed  that  1 4>  feet  tpaclrtg  between  atl  equip- 
**nrs  vltbln  verb  redtu  site  con  be  achieved,  all 
receiver  spurious  responses  whose  level  wes  115  db 
or  leee.  and  «11  spurious  rsdlatloas  whose 
■eesured  level  was  35  db  or  wore,  should  be  ex¬ 
cluded  In  the  frequency  selection  process  for  93 
percent  surety  of  successful  operation.  The  eu« 
of  cianswltter  spurious  le^el  (35  db)  and  receiver 
spurlnwf  rv:p«>nse  level  (115  db)  should  be  very 
tiearlv  equal  to  the  average  systeo  value  <150  db) 
t*>  injure  halsnee  between  the  two  foras  of 
intcriervnev. 

Although  there  wes  a  dlfferenea  la  traas* 
■Ittvr  puwer  outputs,  rsnglng  froa  I  watt  to  100 
watts.  It  was  found  that  the  Intertsodulat loa 
producing  capability  was  the  saae  for  practical 
purposes  regsrdlsss  of  the  power  output  of  tbo 
trantalctars  Involved.  It  suet  be  cawtioaod, 
Iwntevor,  that  tbe  preitnce  or  absence  of  inter- 
■oduletloo  by  order,  a.g.,  second  ordor,  third 
order,  etc.,  wes  of  primary  interest,  rather  tbaa 
variations  of  taplltude  wltbLa  each  order.  Test 
results  (flgvia  9)  show  tbet  second  order  (A  t  g) 
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tbtr4  or<1«r  (2A  t  1),  first  Ulod,  vsrn  th« 
flost  •igntdcAftt.  la  fact,  all  ecbar  ordtri  aubsa 
^waatly  bava  taaa  oaflactcA. 


Upw  than,  for  theta  radio  a^uipsanta,  it  la 
pnaalbla  to  detaralat  tba  'ntar^ralac  lonah tpa  of 
tha  various  transaUtara  aad  racaivori  Insofar  aa 
apurioxis  radiations,  ra«^'«aaa  and  Inrarvoduiat 
ara  corKcrned.  Addltlonall/.  it  Ic  posalbla  to 
corralata  chesa  rt lat tonkbips  ae  a  iMnccion  of 
physical  spacing  batvern  tba  aqulpotanct. 

Guard  bands  v«ra  also  dcvalopcd  for  aauh  typa 
racalvar  under  conilderattTO.  for  coap'jtat  lonal 
purpoans,  thara  ara  three  c^ard  baiids.  flrat,  tha 
guard  band  rc<)uU«d  batveea  tranenittar  and  ra« 
cclvcr  f  req'jenc  Ics  in  use  at  tha  saaa  sita.  Tnit 
guard  baivd  la  of  a  width  ^Ktcminad  by  tha  A.f. 
nalactivlty  of  tha  racsliar.  Sacond,  around  each 
cottputad  Ifitvrfarervca  frev**^cy  *  guard  hand  la 
raauirsd  to  Insura  chat  tW  racal>ar  will  not 
rsspond  to  that  Intaiftreaca  fraquancy.  Tha  width 
of  this  guard  band  Is  a  f«w<tlc>ii  of  tha  l.f.  at* 
Icctf.vity  of  the  recalvtr  as  is  tha  third  guard 
band,  lha  third  guard  b/ad  la  coarsonly  known  as 
tba  adjacent  channel  or  o^ohannel  guard  band. 


It  la  applicable  to  anabla  agulpaanta  oparatlng 
la  tha  aa»a  ganaral  araa^  but  not  la  cloaa  proa* 
laity*  to  dlatlnguisb  batwaaa  tva  or  aora  dlffar* 
aat  aaalgnad  cbannala. 

For  tba  aight  dlffaraat  ‘radio  a^ulpsMata  la 
tbla  prohlaa*  thirty  pagaa  of  a^uatloaa  vara  daw* 
alopad  la  tba  laocratory  and  flald  taata.  Tba 
oparational  data  (flguraa  4,  b.  aad  i)  and  tba 
agulpaant  data  wara  fad  into  aa  DN  709  «*oai^utar« 

Tba  coaputar  waa  Instructad  to  parfc.r«  tba 
follnwlng  ganaral  operational 

a.  Avoid  all  trananltcar  apurloua 
radiation#  whosa  taval  was  3b  db  or  graatar; 

b.  Avoid  all  rocalvar  spurious  ra* 
aponaaa  whosa  laval  was  11b  db  or  atrongar; 

c.  Avoid  all  aacond  ordor  fA  t  i)  aad 
third  ordar  {}A  -  1)  Interwodulat  ton; 

d.  Canarata  all  tentative  freguenclee 
Iron  a  randon  nunbar  generator; 

a.  Aealgn  fre«juaactcs  to  the  radio 
relay  e^ulpnent  before  a.islgnlag  frequanclee  to 
iha  pu«h-^to*talk  nete; 

f.  should,  as  the  assignaent  progressat* 
it  he  found  that  no  frequency  could  be  assigaed  a 
pei: icular  net  according  to  the  rules,  eraaa  tba 
partial  aaslgnnart  list  and  begin  again; 

g.  Upon  successful  coaplatloc  of  an 
assignment,  ihe  list  of  all  l«i er ferenca  that 
would  bt  created  by  the  use  n|  that  asslgnauat 
should  be  printed  out  by  type  of  Intcrfervnce  and 
by  site,  together  with  the  co^ilete  asiignueni:. 

Only  that  i nt er ter ertee  felling  la  thr  frequency 
renges  of  the  problen  (l.S  '  «0.0  ncs  nnC  3A.0 
70.9  met)  wss  requested. 

Seversl  hundred  teteepts  to  assign  friquua* 
ctes  under  the  rules  steitd  above  ware  node.  The 
conputtr  Indicated  thsi  it  va#  highly  Lap.robahla 
that  any  such  Hit  evUied.  since  It  waa  unable 
to  progress  further  Chan  oat  14,  leaving  four 
nets  unaas igned* 

Accordingly,  rules  (a).  (b>,  and  (a)  above 
were  mc’dlfled  to  provide  tvoidanca  of  spurious 
rediac*ons  at  the  ^  db  level  aad  above,  spurious 
eesponaao  at  cht  IOC  db  level  eod  belov.  end  to 
aselen  push>to*calk  frequencies  before  radio  relay 
frequencies.  Ibie  scherve  also  proved  unsuccessful 
in  that  froA  two  to  threa  radio  relay  links  vara 
not  aeslgned  frequencies. 

At  this  point,  rula  (c)  oo  lnter«odulatloa 
interference  was  oudlfled  to  provldt  evoldenca  of 
aacond  end  third  order  interat>dulet  ion  only  when 
both  trensmtitera  (A  and  g)  or  oue  crenotaitter 
(A  or  t)  and  the  racalvar  involwad  were  radio 
relay  equipments.  tntarisodvilactc»n 
t»*o  push*  to*ta  Ik  Cransvlctert  falling  luto  any 
receiver,  or  Intensodulat loo  geotceied  by  one 
puah'tO'talk  and  ore  raJto  relay  tranamltter  fall* 
Ing  into  a  puah'to-talk  receiver  was  considered 
’’peseslasibta**  because  of  chn  Utermltcaitc  nature 
of  puab'to^'talk  net  craMaslPslena. 

Under  theso  conditions,  le  vos  found  possible 
to  aaalgn  all  fraquanclis  except  the  last  radio 
relay  link  (net  9).  m  order  to  determine  If  tba 
aequenca  of  frequency  asalgn&cotv  had  an  appreel* 
able  efface,  tha  computer  was  Instructed  to  returo 
to  Che  original  rulo  (e),  that  la.  to  aaalgn  radio 
t^elay  tiequenclea  before  push-to-talk  frequencies. 

Cowplcta  frequency  asalgwMrts  were  the#  made. 
A  total  of  ivsnty  lists  for  tbla  apaciflc  problem 
vara  ganerated.  One  list  la  glvea.  (Figure  10). 
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I  ftft.l  ftl.t 
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1  Sft.S  ftO.l 

r  Sft.ft  ft*-* 

3  ft*.2  Sft.ft 

3  ft!.*  67.0 

5  ftl.o  ftl.ft 

ft  Sft.ft  6ft.O 

S  ftl.ft  ift.ft 

3  TO.ft  Sft.O 

ft  Sft.O  TO.ft 

40.2 


17.ft7 

S.ftft 

ftO.S 

17.90 

ll.Sft 

ftft.l 

lO.ftS 

11.92 


fiftwa  10. 


ft  rvcap Itulac  loa  of  tbo  li«iCftCio«ft  of  tftOftO 
lltta  1*  Is  orftsr: 

ft.  Spurtowft  Tft^tfttlMM  SO  A  aftovs 
1  %rv  or  grftfttftr  ftrft  ftr.*14*ft. 

6,  Spurlovit  r«ipo«ft<f  100  A  Aov* 

1  ur  or  ftCroniftr  ftr«  ftvolftaO. 

c,  SftCOfKl  ftsd  tblcft  orSftr  lator* 
.r.dulftCloo  whftrftln  both  trftoftolttftrft  of  ooo 
trftntalccftf  ond  on«  r«c<lw<r  ftro  rftdto  folfty 
oquipacncft  ftrft  ftvoldftd. 

d  All  f  coquine  IftS  ftrft  •«socaiod 
fftnduoly;  non-rftndsonrift  of  tho  (toftl  froftoftacp 
Hot  1ft  duft  to  rqulpoftnt  llJotCftC  losft. 

ft.  Aftdlo  rftlfty  froquftiKlftft  oro 
ftts Igncd  btiforc  puftb-Co-tAlk  frcquft^clos. 

i,  Ito  otbftr  ftpftctna  uftftrft  ftro 

conftLdtrtd. 

Tbr  rftftulclng  ftftftlgflftMotft  ftrft  not  tocor- 
fcrrncft  frftft.  but  ftrft  thot*  looot  llkoly  to 
contftln  objfttt lonftblc  Interftrftocc.  la  tbft 
ftnftl  ftnftlysia,  vbcchcr  Intcrfcrcnco  would  ftiilftt 
In  these  atalgnoentft  la  opftrftclooftl  tftstft  or 
tftctlcftl  ftUufttlunft  would  depend  apoo  tOft  dftftftitj 
of  rqiitpac.sts  within  eech  alte.  la  twro,  tbo 
octuftl  density  would  depend  upon  aftoy  foetore, 
soiftft  of  which  cen  be  controlled  by  tbe  -jeor  end 
others  over  which  the  user  boa  no  control. 

It  1ft  toportftnt  to  lecogrlxe  tl.ftC  tble 
frequ  ncy  selection  technique  o\o»lwee  -to  u'ftt 
svutuftlly  cocvpfttlble  ftsslgnacnCo  poselolo  v  It 
ftvftlleble  dftte.  >houlu  objectl  }nftble  loccoyec- 
IbllUy  -rUtft,  then  tbo  reel  problea  occor*, 
since  It  Is  lftq>llftd  that  the  drncrlbftd  ««un. 
of  coataur, »i ftt  lonft  Is  rcqulrid.  Tberefore,  If 
these  frequency  ssslgncent*  ore  tbe  boat  tbftt 
ore  possible,  but  ore  ftt'il  not  sufflctoatly 
conpfttlble,  reduction  It  rrqnlrftaftnin,  cbftages 


In  doctrlaft,  subatsattal  laprovaMote  la  eqal#* 
nanto,  or  ceablaotlono  of  tboao,  ouftt  bo  offoctad. 

The  tocUftlea  of  tbo  rcqutioMoti  of  otbor 
aooro,  roftttlctlooo  lafoaad  by  local  and  tsaclanal 
ftgrooMatft,  roctrofntft  lapocad  by  otboc  nodoo  of 
propogotloa,  end  otbor  fomc  of  Intotforoaco  irlU 
roqutra  tbol  oooa  etrotigar  latorforooco  lovilo 
bo  "tolorotod*.  Oo  tbo  otbor  bead,  bottor 
fraquaacy  aoaogoMnt,  tbo  fact  tbftt  aqulpMOt 
dftBftltlftft  will  vary  fr«a  tba  fttatlaclcftl  avorftaa, 
taptovaaeat  ta  aquipaftaCft  and  tachaiquoe  •  oil 
thooo  tblaga  will  toad  to  olUvUto  the  Mitaal 
tatarfarooco  problaa. 

CaoprobOBS two  test  log  prograao,  operational 
uaa  of  Ailuod  froquoiicy  oafttgnacato,  and  "tlsa^ 
will  Atoralno  tbo  oxtent  to  wbtcb  octuftl  fl«ld 
Condltloaft  efta  bo  occurotftly  daicrlbod  by  aoth^ 
aftclcal  aodala. 
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EQUIPMENT  DESIGN  TRENDS  IN  DOPPLER-TTPE  MLjSlLE  SCORING  SYtmtlM 
By:  B.  P.  Flcklln,  A.  R.  Maclssewski,  J.  J.  Pakaa,  and  K.  Ringer,  A.  R.  f.  Prodncta,  he. 
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Target  scoring  practice  la  ulaslle  testa 
has  reached  a  considerable  degree  cl  technolog¬ 
ical  sophistication,  since  for  obvious  economical 
reasons  the  destruction  of  the  target  must  be  a- 
voldedL 

We  are  Interested  in  the  recording  of 
miss-distances  up  to  about  3000  feet  and  veloci¬ 
ties  between  Mach  2  and  Mach  10  as  accurately 
as  possible,  preferably  In  the  luiui  of  position 
vector  with  target  as  reference.  Particular  at¬ 
tention  Is  concentrated  on  the  Doppler  technique 
because  of  the  Inherent  accuracy  of  techniques 
with  which  frequency  can  be  measured.  Favor¬ 
able  test  results  with  this  technique  are  depend¬ 
ent  on  many  equipment  characteristics.  The  pa¬ 
per  discusses  the  inaccuracies  of  measurementB 
and  apportions  them  to  various  effects  and  on 
that  basis  draws  the  requirements  lor  the  per¬ 
formance  of  the  equipment.  Recent  progress 
made  In  equipment  designed  for  this  purpose  Is 
discussed. 

Emphasis  Is  placed  on  the  design  and 
performance  of  a  new  type  of  target  transponder 
which  accomplishes  the  required  frequency  trans¬ 
lation  task  with  adequate  sensitivity  (10  micro¬ 
volts  for  9  db  S  -  N  ratio)  and  with  sufficient 

rejection  of  spurious  responses  generated  Inside 
the  equipment.  The  design  Includes  a  preselec- 
ttvity  filler  which  greatly  reduces  interference 
caused  by  signals  of  oilier  services,  not  under 
control  of  the  testing  agency. 

Certain  ameliorations  In  the  frequency 
Layout  of  the  entire  equipment  are  also  discuss¬ 
ed,  including  methods  of  stabilization  of  oscilla¬ 
tors  which  may  contribute  to  errors  In  the  eval¬ 
uation  of  the  Doppler  shift. 


as  the  origin.  Usually,  however,  ncalar  din- 
lance  Information  Is  considered  Frc> 

qucnlly  the  missile  ti  programmed  to  sslM  the 
target  by  a  pi-edetermlned  dlstanrc  to  allow  tho 
recovery  of  a  costly  target.  The  least  tBstnaos 
Involved  la  usually  less  than  3000  feel  while  the 
relative  velocities  of  the  missile  with  respect  to 
the  target  vary  between  about  1500  aad  30000 
feet  per  second  usually  not  exceedUf  10000  feet 
per  second.  The  point  of  Intercept  nsay  be  lo¬ 
cated  at  about  20  to  100  miles  from  aqr  grtmad 
equipment. 

There  are  a  few  approaches  le  missile 
scoring.  Tl.elr  evaluation  by  Govemmest  and 
missile  contractors  continues  and  Is  complicated 
by  the  fact  that  no  single  system  Ls  Jadged  per¬ 
fect  by  everybody  In  all  tespects.  Therefore  tt 
Is  probably  fair  to  look  at  developntesf  ef  mis¬ 
sile  target  scoring  systems  as  a  coUwueusly 
developing  field.  The  experience  nf  the  authors 
pertains  to  Uie  Doppler-cllect  dev’eesto  wrhlch 
the  principal  part  of  this  paper  Ls  devoted.  We 
will,  however,  review  briefly  other  principles 
of  mIss-diBlance  measurement. 


Opllcal  tracking.  11  is  possfMe  to  eval¬ 
uate  mlss-dlstance  by  optical  tracking  aslng  loug 
local  length  telescopes  or  ballistic  type  cameras 
but  good  result  requires  In  general  careful  prior 
planning  In  the  selection  ol  the  nuiafaer  and  loca¬ 
tion  of  tracking  slatolita. 


Calibration  by  Isotope  radlatlos.  Another 
method  lovoTves  a  radioisotope  jifaced  to  the  mis¬ 
sile  and  a  radiation  detector  placed  la  the  target 
the  distance  being  calibrated  In  terwu  of  detecLor 
output.  This  method  provides  a  relatively  sliort 
range  (approx.  150  ft)  and  It  requires  handling 
of  radioactive  materials. 
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1 ,  The  problem  of  missile  scoring 

This  paper  Is  concerned  with  a  problem 
pertaining  to  the  evaluation  of  performance  of 
missiles  with  aerial  targets  and  describes  In 
some  detail  equipment  used  on  the  test  ranges. 
Tne  problem  in  cuesllon  is  known  as  "mlss-dis- 
tance  Indication''  problem  anj  tt  Involves  cither 
the  evaluation  of  the  least  distance  between  the 
missile  and  Ihc  target  drone  or  the  distance  be¬ 
tween  them  at  the  moment  of  simulated  explosion. 
The  preferable  form  of  such  Information  would 
be  a  position  vector  u[  the  missile  with  the  target 


Electronic  devices.  There  to  a  multi¬ 
plicity  of  electronic  devices  aimed  at  the  sotw- 
tlon  of  the  miss-dlstance  problem.  Prior  to 
more  detailed  description  of  the  equipment 
which  forms  the  basts  of  this  paper  we  irlU 
mention  two  approaches  based  on  dINerent 
principles.  One  of  these  ts  the  PARAhfl*  sys¬ 
tem  of  The  Ralph  Parsons  Company  romposed 
of  two  transponders,  one  In  the  missile  (differ¬ 
ent  from  that  used  for  telemetry),  the  other 
tn  the  target.  The  transmitting  frequency  of 
one  transponder  constitutes  the  receiving  one  of 
the  other.  In  a  system  of  this  type  a  circular 
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oacllUttoo  Is  formed,  the  frequency  of  which 
modulates  both  carriers  and  depends  In  value  <m 
the  delay  time  needed  to  travc  rse  the  entire  loop 
which  delay  In  turn  depends  on  the  propagation 
time  of  the  signal  and  thus  on  the  separation  of 
the  two  transponder*. 

Another  electronic  system  published  Is 
based  on  an  Ingenious  modification  of  FH  radar.^ 
A  transmitter  In  the  target  drone  Is  modulated  U 
frequency  by  a  sawtooth  wave  and  emits  s  slg* 
nal  thus  modulated  which  after  reflection  from 
the  missile  reaches  the  receiver  'n  the  drone.  A 
slgTLkl  of  tow  Intensity  from  the  &  -c  transmitter 
Is  also  fed  to  the  drone  receiver  directly  and 
compared  with  the  signal  reflected  from  the  nila* 
site  as  to  the  frequency.  Both  signals  vary  la 
frequency  at  a  sawtooth  rate;  but  because  of  tha 
time  of  passage  Involved  In  the  reflected  signal 
a  beat  note  Is  noticed  b..-tween  them  at  any  gives 
time.  The  frequency  of  this  beat  note  (8  KC)  is 
used  In  a  closed-loop  correcllon  system  to  con¬ 
trol  the  repetition  rate  of  the  sawtooth  modulalloa 
and  correct  It  In  such  a  direction  as  to  malotala 
the  value  of  6  KC  of  the  beat  note  constant.  Thus, 
for  different  distances  between  the  missile  aad 
the  target,  different  sawtooth  rates  will  be  espe- 
rlenced,  Uie  value  of  the  sawtooth  rate  being  In¬ 
dicative  of  the  dlctance. 

The  above  two  examples  show  that  elec¬ 
tronic  devices  of  quite  different  underlying  prin¬ 
ciples  can  be  applied  to  the  aolutlon  of  U.e  prob- 
leiL  of  mlss-dlslance  Indication. 

2.  “Hie  Doppler  technique  of  mlss- 
dl stance  tndlcailonT 

The  equipment  to  be  described  Is  based 
on  the  principle  developed  by  Uk»  Naval  Ordnance 
Laboratory  and  used  In  modified  form  by  V/hlle 
Sards  Missile  Range  (Army  Ordnance)^  and  la 
illustrated  In  Figure  1,  The  basic  scheme  re¬ 
quires  a  transmission  source  In  the  oilsslle  which 
can  simultaneously  be  received  In  the  target  and 
at  the  ground  station  as  shown  In  Figure  1.  The 
signal  from  the  missile  received  by  Ihe  ground 
station  will  have  a  relatively  constant  Doppler 
shift  while  the  signal  received  by  the  target  will 
exjilbit  the  Doppler  shill  Ihe  value  of  which  will 
pass  rapidly  from  positive  to  negative  value  al 
II  p  time  of  tlie  occurence  of  leaet  distaitce  be- 
tMpen  the  two  vehicles.  The  target  Iransponder 
picks  up  Ihe  signal  Irom  the  missile  ax.d  retrans¬ 
mits  It  after  suitable  translation  to  another  fre¬ 
quency.  At  the  ground  station  the  frequency  of 
the  signal  retransmit  .  irora  the  missile  bj  the 
target  Is  compared  with  that  of  the  signal  re¬ 
ceived  dlreclly  from  the  missile.  A  number  of 
frequency  translations  are  used  In  the  process  Of 
comparison  as  shown  further  In  more  dctalL 
The  difference  frequency  between  the  missile  elg- 


nal  IS  retransmitted  by  the  target  and  the  mlsnils 
signal  received  directly  Is  the  "Doppler  shift"  the 
value  of  which  exhibite  a  rapid  change  of  sign  near 
the  moment  of  least  distance.  The  exact  data  cf 
this  change  depend  on  the  va.'ue  of  least  dlstanc* 
and  on  the  relative  velocities  of  the  mieslle  and 
the  targeL  The  curve  c<  the  Doppler-sblft  versa* 
time  Is  obtained  as  an  output  of  a  FM  diecrlsalna- 
tor  of  suitable  center  freq  iciicy. 


Figure  1.  System  Diagram  of  Doppler  Technique 
of  Mlss-dlslaoce  Indication 
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Ttic  ootput  ot  the  dlacrlmlnator  la  call- 
bnied  la  (reqaency  by  a  series  ol  crystal -ca»> 
trolled  oscillators  the  frequencies  of  vhlcli  are 
separated  by  fiOO  cps.  The  cailbrauaa  trequea- 
cles  arc  usually  tatroduced  Into  the  dlscrialaator 
Immediately  after  the  Intercept.  Time  callbraUae 
must  also  be  provided.  Ooc9  a  record  ot  the 
Doppler  Sfalft  for  the  Intercept  alo' t  with  the  cali¬ 
bration  data  ts  obUioed  (la  >.  «  geo  al  from 
shown  in  Figure  2)  the  mUsi.  -tai  e  may  be  cal¬ 
culated. 

Essentially  the  Doppler  technique  relies 
on  very  accurate  measurements  of  frequency  and 
time.  The  eeccseary  coQlrot  of  frequency  sad 
time  can  readily  be  obtained  by  meane  of  standard 
engineering  approaches  to  minimize  the  asaoct- 
ated  errors.  There  are  mauy  errors  not  nsaaUy 
encountered  eucb  as  Doppler  ohlfts  caused  by  mul¬ 
tipath  slgnala.  The  two  somewhat  more  signifi¬ 
cant  sources  of  error  are:  (1)  the  curvalune  of 
mlssLle  path  (our  Dopplcr-Ehlft  curves  are  com¬ 
puted  under  the  nssumptlon  that  both  mlaslle  and 
the  target  fly  a  straight  course)  and  (2)  correclloe 
needed  lor  variations  of  Doppler  shills  caused  by 
the  changes  In  the  velocities  of  target  and  mlsaUe 


retath*  to  the  ground  station  near  the  tntsrcept 
period.  These  errors  are  usually  convenient^ 
neglected  which  practice  Is  justified  by  the  fact 
that  errors  from  both  these  sources  decrease  with 
the  decrrasLng  mlss-dlstance.  At  the  present  Urns 
the  BBoet  slffnlfleant  errors  of  the  Doppler  system 
stem  from  residual  Irequeacy  Inaccuracies  of 
thoM  translation  oscillators  the  coutrlbutloos  of 
which  do  not  cancel  and  from  the  In'ufiiclent  accu¬ 
racy  ed  Uw  data  reading  procesa  because  of  tha 
quality  of  collected  data.  Random  frequency 
Inaccaracles  of  short  duration  are  particularly 
andeatrable. 

In  thla  connection  It  should  be  noticed  that 
both  the  DoppUr-shltt  curve  aa  (unctlofi  of  time 
and  all  of  Its  derivatives  may  be  convenleuUy  ez- 
presard  La  normalized  coordinates.  The  norinal- 
laed  carves  of  Doppler  shift  and  Its  derivative  are 
ahowB  In  Figure  11  in  Appendix  L  Because  ol  their 
well  defined  shape  these  cuives  are  useful  la 
amoothlng  random  Irregularities  of  obtained  data. 
The  point  of  '.east  distance  occurs  at  the  point  of 
mazlmuin  of  the  absolute  value  ol  the  dertvativs 
curre.^ 


Example:  Missile  transmitter  frequency  >  230  MC,  Total  Doppler  shift  of  4  KC  •  closing  velocity  of 
approx.  8M0  fl/sec.  Mlss-dlstance  ^  8S  feet. 


Figure  2.  Example  of  Calibratlui  Record,  In¬ 
tercept  Record,  and  Miss-dlatiBce  I  alculatton 
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S.  E<ttttpmeot  a»r^eh  to  Dowter 
techntqueg  of  int«8-<M»t«n^ 
ladlotloa 

9.1  OiMT*!  i^t« 

A  calcuUUoM  of  •ystem  porfocMMKO  Ik 
term  a  of  nage  reUted  to  output  powav  rataas  of 
tranasalUera  In  Um  nilaalla  and  tba  Urgat  nod  to 
data  of  sansltlrlty  of  traoapoodar  racelaar 
ground  receiver  baa  been  made  with  the  follow* 
lag  reauita. 

Aaaumad 


Missile  transmitter  power 
(telemetry  transadtter) 

2  W 

Target  transpotuler  sensitivity 

100  micro¬ 
volts  ta  SO 
ohms  tor 

2  W  trans¬ 
mitter  ool- 
put 

Ground  station  sensitivity 

2  microvolts 
In  SO  ohms 

Ground  station  antenna  beam- 
width 

40« 

Antenna  gains  la  missile  and  la 
target  (figure  also  Includes  es¬ 
timated  cable  loss  and  loss  be- 

-  10  db  for 
each  anten¬ 
na 

cause  of  dlUerences  In  polarita- 
llcm  brlween  receiving  and  Iraoa* 
taltllng  .'\ntetuu) 

Reauita 

Maximum  theoretical  distance  390  mites 

(ground  station  to  point  of 

Intercept) 

Maximum  mlBelle*drooe  0.  SI  lullca 

separation  for  (uU  3  W  (2904  leal) 

transponder  output 

In  the  above  calculations  antenna  gains  ar«  as¬ 
sumed  with  respect  to  a  hypothetical  Isotropic 
antenna.  T^e  maximum  I'leoretlcal  distance  be¬ 
tween  the  ground  station  and  the  point  of  Inter¬ 
cept  is  calculated  assurobig  free  space  propaga¬ 
tion  without  reserves  fur  ground  effect  or  fading. 
If  such  reserves  were  to  be  assumed  the  maxi¬ 
mum  distance  would  be  about  100  mHes  with  SO 
percent  reliability.^  For  llne-of-slghl  condi¬ 
tions  to  apply  Ihe  missile  and  the  target  most  bs 
at  an  altitude  ol  at  least  5000  feet  at  100-mlle 
distance  and  at  an  altitude  of  at  least  50000  feet 
at  300 -mile  distance.  Maximum  miss-distance 
may  Increase  further  when  the  Intercept  point  Is 
located  closer  to  the  ground  station.  The  sensi¬ 


tivity  at  the  target  transpowder  U  vwry  Importaad 
ta  ■ecurlng  an  adeqaale  maalmem  valM  of  alM- 
dlatancs.  For  example,  for  the  eeselttTtty  of  1 
mUllvolt  par  9  W  output  the  tnaiinim  eeperaf  tne 
te  only  0.06  mUeei  (316  feet)  at  the  extra  me  dta- 
tance  to  the  point  of  Intare^A. 

Figure  I  ahows  the  block  diagram  of  a 
typical  equipment.  The  deecrtbed  ayelem  re¬ 
quires  a  transmitter  ta  the  mleeUe  but  areite  the 
neceaelty  for  adding  any  equlpiaent  to  the  mleelle 
by  utlUcIng  the  telemetry  transmitter  alrea4y 
present  In  the  mleelle  In  nearly  all  test  flrtage 
without  any  modl/lcatloa  whataoevar.  In  the  ex¬ 
ample  shown  observation  of  Doppler  ahlft  Is  per¬ 
formed  simultaneously  by  two  transpoodera  ta  the 
target  (Channel  A  and  Channel  B).  This  practice 
la  not  eeaentlal  and  there  are  Dt^ler-lfBI  ta- 
staltatioea  where  It  Is  not  followed,  the  equlpoMat 
ta  the  target  being  limited  to  a  single  traupoader. 
The  equipment  on  the  ground,  tba  block  dlsgnm 
of  which  f.vi  ms  Ihe  major  part  of  Figure  9,  trans¬ 
lates  the  Doppler  shin  of  each  channel  to  the  cen¬ 
ter  frequency  of  the  demodiUsIlng  discriminator 
which  converts  the  variations  ol  frequency  into 
the  variations  of  voltage.  The  output  voltage 
operates  a  recording  Instrument  frem  arhlch  we 
obtain  the  Doppler -shin  curve  as  function  cf  time. 
The  scale  applicable  to  the  record  of  the  Doppler- 
ahUl  curve  Is  obtained  automatically  In  a  manner 
described  Utcr. 


The  estimated  errors  of  this  system  are 
tabulated  In  Table  I.  The  magnitude  of  the  Dop¬ 
pler  shift  may  be  quickly  estimated  as  a  hue- 
tlnn  of  velocity  atid  of  mIss-dtsUnce  from  the 
dau  In  Table  D.  The  error  In  frequency  read¬ 
ing,  depending  on  the  nature  of  Its  occurence  ta 
time,  may  effect  the  accuracy  of  mlss-dletance 
dctericinatton  In  various  ways  ublch  may  have 
either  mutually  compeDsatlog  or  cumulative  ef¬ 
fect.  The  ellmlnatloe  of  some  of  these  errors 
ordinarily  occurs  by  the  rccogDilltio  of  ebarae- 
lerlstic  shape  of  the  Doppler  curve  and  by  suit¬ 
able  smootblog  of  4b  la.  In  order,  however,  to 
arrive  at  some  quantitative  estimate  of  the  rea¬ 
sonable  magnitude  of  allowable  frequency  error, 
let  us  express  ^  on  the  lasts  of  normallxed 
curves  ol  Figure  11  alternatively  as; 

{/]  fT  ' 


(IL 


or  as: 


'R. 


where 


-  (hn^)  ~  . 

^  ,  time  of  night,  see  Figure  2 
^  r 
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According  to  the  Formulae  (1)  or  (2)  the  error  !■ 
will  be  either  percentagewise  the  saeno 
aa  error  In  evaluatloo  or  of  twice  that 

v^ue,  dei^ndlng  on  whether  we  can  consider 
S  t>r  aa  having  been  evaluated  with  acen- 
racy.  Thus,  aEsumlng  the  worse  of  the  aboare 
two  alternatives,  we  can  estimate  the  maxlmua 
error  caused  by  the  frequency  effect  at  relattwe 
velocity  of  Mach  2  as  twice  14  cpi  referred  ta 
9GS  cps  (see  Tables  I  and  K)  Le.  about  3.5%, 

This  percentage  error  wlU  decrease  rapidly  with 
the  increase  of  F  and  of  becoming 

about  0.07  percent  al  relative  velocity  of  Mach 
10.  In  the  approximation  Involved  In  (1)  and  (2) 
the  error  Is  expressed  In  percentages  of  ^ 
and  does  not  depend  on  the  value  of  * 

3. 2  Ground  equipment 

3.2.1  Receiving  station 

Following  further  the  block  diagram  la 
Figuic  3  we  observe  that  the  frequencies  of  both 
channels  received  from  the  target  are  transposed 
to  two  separate  IF  frequencies  situated  In  the 
vicinity  of  21  MC.  The  translation  oscillator 
(first  local  oscillator)  Is  common  for  both  chan¬ 
nels  and  stabilized  by  means  of  an  AFC  loop 
shown  In  more  detail  In  Figure  4.  In  Installa¬ 
tions  using  dual  target  transponder  more  selec¬ 
tive  IF  amplification  It  required  ahead  of  the 
frequency  comparison  In  the  ground  sUtloo. 

This  greater  selectivity  requires  a  certain  a- 
mouTit  of  flexibility  In  receiver  adjustment  la 
order  to  correct  (or  frequency  errors  in  the 
telemelry  transmitter.  Thus  In  these  Installa¬ 
tions  It  was  lound  convenient  to  provide  for 
slight  variation  of  the  local  oscillator.  In  ala- 
gle  channel  application  a  wider  IF  band  pass  and 
direct  crystal  control  of  this  transposition  oscU- 
lalor  Is  satisfactory. 

Receivers  A,  D,  and  C  were  purchased 
as  ready-made  components  and  subsequently  modi¬ 
fied  to  suit  the  block  diagram.  Figure  3.  A  sep¬ 
arate  low-noise  preamplifier  was  designed  to 
enable  the  operation  of  both  receivers  from  the 
common  antenna.  The  overall  noise  figure  ol 
the  system  Is  about  4  db.  Figure  5  shows  the 
front  panel  of  the  gr^iund  statloo.  It  Is  Importaol 
that  the  amplifiers  are  of  sufficient  bandwidth  to 
accomodate  most  rapid  variation  ol  Ooppler- 
shifl  curve  in  real  Urnf.  The  bandwidth  needed 
may  be  calculated  by  conventional  techniques  In¬ 
volving  Laplace  transform  with  Doppler -shill 
curve  approximated  to  a  ramp  lunctloo. 

In  view  of  the  ambitious  target  lor  short¬ 
term  frequency  slablllty  evidenced  In  Table  I  con- 
sldci-ahle  atlcntlun  was  paid  to  suitable  design  oC 
the  constant  temperature  ovens  In  which  th«  on- 


cUkators  are  contained  (see  Figure  9).  The  pro¬ 
portional  control  circull  of  the  oven  la  a  brld^ 
type  and  doca  not  Involve  closing  contacts  thus 
preventing  Jumpe  of  frequency  during  correction 
cycle.  The  oven  la  maintained  at  the  tempera- 
tare  od  75  degrees  C  to  the  accuracy  ol  0.2  de- 
>C. 
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Figure  4. 


Arc  Circuit  for  the  First  Local 
Oscillator 
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TA8LS  t 

frvfuienej  Brror  Astasia  C  ^HornaDCC  Tar|ets) 


Canes  or  Compoecat 

Fre^uca^ 

<  apprai) 
Vicinity  d 

Percent  Error 
(  Short  term  : 
Duration  of 
Intercept  ) 

AppitaUnats 
Error 
( Cyefee  ) 

OaclUator  (  la  the  target ) 

eo  Mc 

IBBSEfiflii 

13.0 

Chaanal  Traa^Meltlon  (  oa  Um 
ground, Crystal  Oscillator,  Fig.  3  ) 

to  MC 

04  (10*^ 

l.f 

Last  Traeaposltlco  Oscillator 
(  on  the  ground  ) 

400  KC 

s(»r«) 

1.3 

Callbrattoa  Crystala 

t.S 

Reading  Error  and  Recording  Error 

3.0 

Moat  ProbabU  Ertmr  (  Cyclea  )  : 


(  1.  5)*  ♦  (  1.  J)*  ♦(!.«)*  ♦  (  ISX)’ 


16  Cycle* 


TABLK  a 


Obaervalloo  Time.  MIeell#  VeiocUy.  »U  l*U»-<Jl*Unce  Relallcnshlpo 
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3 

10 
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XiHols 
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003 

3300 

4533 

13370 

30 

74 

3.6 

14 

100 

90 

3f 

16 

6.0 

300 

430 

IM 

00 

30 
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[IIBSliH 

360 

160 

60 

3000 

1600 

730 

960 
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3700 

1080 

340 
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ObMrvmUoa  Tim* 

2to  (mlUlMcood^  lor  V  t0  •  Rf, 
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Notv  1,  MlasUe  velocity  referred  to  aea  level 
Note  3.  For  T^-IOOMC 
Note  3.  Least  diataoce  I*  tarfel 
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Figure  S.  Ground  Sutloa,  A.  R,  F,  AS-d, 
Front  Panai 


Considerable  attention  van  demlwl  to 
the  problem  of  avoiding  epurlooo  ra^twre  bf 
a  suitable  choice  of  clrculte  and  aanaerdca  of 
frequency  translations.  It  was  fonad  that  the 
provision  of  separate  Intermedlato  Iretpssncles 
was  advanUgeous  from  this  point  of  rtow.  Fre¬ 
quency  multiplication  from  crystals 
at  lo*  frequencies  was  avoldod  for  tlw  snaM 


4.1.S  Data  redaction  I 


The  preaeot  day  data  ledscUoa  oqnlp* 
foent  In  based  on  the  rendti^  of  tlin  dlnlnacn  te- 
tween  thn  two  nnymptoten  pnraUnl  to  tho  nbnein* 
n  naln  la  Figure  11  la  Appendix  I  (leading  pro- 
portlfxtal  to  Jl  fomu  )  and  am  the  evnlaatlon  of 
the  elope  d  the  plot  al  the  point  of  Intercept. 

The  elope  la  then  eilcaded  to  Itn  lateraectloa 
with  the  asyuptotee  which,  an  II  caa  be  aeen 
from  Figure  11  la  the  AppswHx,  will  ocenr  at 
thn  polnta: 


:•  • 


on  the  Dortnallxed  curve.  Once  the  fnaxlmms 
slope  Is  correctly  evaluated  and  the  calibration 
cocstants  of  the  recorder 

■4(  e  ordlnate/fm^cncj 


kj-  B  abnclssa/tlme 

are  known  the  missile  relatlen  velocity  sod  ths 
ralss-dlstance  (denned  as  the  least  dlstancs  tw- 
tween  the  mlnalle  and  the  larget)  aaay  be  calcu¬ 
lated  froea: 


whem; 


dlmeoalona  on  the  plot,  an 
im  rhed  <■  Figure  g 

callbrsUon  coefllcintd 
(sbscissn)  In  inrhes/ane 

callbraHon  coeOtclnat 
(ordinate)  ta  lachea/anc 


^  BpendoCUgM 

nalsnUn  tmanoiltter  Irsgnsncy 

^  leant  dl  steam  (mlsa-dtaUnon) 

target -to-iu  Inal  Is 

y  linear  velocity  of  U  '  msslle 

la  lha  fraiaa  of  rate,  men  ct 
tha  target 

The  cocstanta  and  are  evaluated 
from  the  dlacrlinlnator  calibration  by  troquency 
marka  and  recorder  q>eed  caitbraUan  from  tha 
time  marka  rospectlTelj.  Tha  — coea- 
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.• _ • 
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All 


ImUUm  may  b*  parlfil  at  battar  accancy 
with  the  aid  of  a  aliayla  enapuUag  nnianitaa. 

TbU  apparalna  caaaleta  aaaantlilly  of  a  flla 
roailer  aad  a  ctrcalar  olU*  rale  arraataBaed 
for  the  cocapuUtloo  at  lha  above  fora  ilaa.  Iha 
projector  at  the  (Uat  reader  projeeta  aUnotta- 
oeoualy  oa  Uia  aaiaa  acreea  vlth  tbe  pl<A  oMalaad 
from  the  recorder  and  a  eat  ol  "  Bkodel  "Doppler-^ 
abut  Correa  dravn  to  Ibe  raryliag  eeala  of  abaci#- 
aaa.  These  correa  vary  ia  small  stepa  and  are 
labelled  In  terms  of  larerae  maztinum  slope. 

The  curre  which  fits  best  to  the  actual  record  Is 
chosen  (or  further  cnaipelatlopa  performed  by 
the  circular  elide  rale.  The  rcrilcal  eoagnlll- 
cmtioo  of  the  projector  la  made  rarUbla  to  fit 
the  rertlcal  scale  of  the  record.  The  ahore  de¬ 
scribed  refinement  offers  the  adraotage  of  curra 
fitting  to  the  entire  Doppler-ablft  plot  in  order  to 
avoid  error  s  of  subjective  evaluation  of  tbs  maa- 
imutn  alope. 

yigure  S  showa  the  actual  test  record  et>- 
talned  with  the  aid  of  the  described  equipment. 

Us  data  are  : 

«  230  MC  (  appros  ) 


2x^m  S.O  ladies 

•  29  lacbea/seoaod 


>  4.2  lw*es/KC 


If  •  1  NO  feet/second 


INfssI 


The  sample  record  Is  ron  side  red  quite  satis¬ 
factory.  In  partlfnilar  (be  two  eilremes  of  tbs 
Doppler-shlit  curve  are  flat  and  clearly  defined 
owing  to  the  relatively  blgb  senslUvlty  of  the 
target  receiver  which  fact  la  of  aeslstanee  la 
the  evaluation  ol  the  maximum  Doppler  shift. 

3.3  Airborne  Ugalpmeet 

Ordinary  telenaetry  tranconltter  may  be 
need  In  the  mlssUe.  A  more  elaborate  trans¬ 
ceiver  system  Is  required  In  the  drooe,  the 
block  diagram  of  the  necessary  frequency  trans¬ 
positions  is  shown  in  Figure  7.  The  signal 
from  Ihe  missile  Is  pIcked-up  by  the  receiver, 
amplified  to  a  level  snltable  for  frequency 
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Teat  Record 


coaMraed  not  011I7  wHh  food  laag>tenn  •UbUlty 
but  aluo  with  abort  •term  varUtlooa  during  the 
Intercept  period  of  three  aecooda  or  leea  which 
could  poeslbly  be  called  ’'qgMrloue  frequency- 
modalailoo**.  The  frequency  aUblltty  (laDf-tenn) 
maintained  la  0.0001  percent  by  means  of  a 
cfuarts  cryrtal  coetnlMd  tn  s  small  oren.  About 
twenty  percent  of  this  last  figure  of  tolerance  la 
contributed  by  this  short-term  InsUbUlty  arising 
from  cycling  of  the  small  oven  used  for  bousing 
of  the  local  oaclUator. 

3.S.J  SenaltiTity 

The  aenaltlTlty  of  the  original  apparatus 
used  as  drone  equipment  iqas  approalmately 
1000  mlcrovolta/SO  obraa.'  In  actusl  *eat 
experience,  higher  aensIllTity  prove  r  .  < 

and  the  sensitivity  of  the  described  ei^k.  's 

80  mIcrovoIta/SO  ohms  tor  two  watts  output  from 
the  transmitter.  Higher  sensitivity  results  la 
clearer  dellnltloa  of  the  asymptotes  of  the  Doppler- 
shin  curve,  the  distance  between  asymptotes  be¬ 
ing  used  for  rolss-dlstance  determination  as 
shown  In  Figure  3.  Signal  strength  reserve  la 
particularly  needed  when  relative  positions  of 
mtsslle  and  target -drone  antennae  are  unfavor¬ 
able. 

3. 3.S  Selectivity  and  freedom  from  spurltxis 

re  span  sea 


Figure  7.  Block  Diagram  of  Equipment  In  the 
Target  (Two  Channels  Shown} 


transposition,  transposed  to  the  transmitter 
frequency,  and  lUially  transmitted  to  the  ground 
station  at  a  power  level  ol  two  walla.  The 
following  performance  features  of  the  Iran^ionder 
are  of  particular  importance. 

a.  Frequency  Stability 

b.  Senslitvlty 

e.  Selectivity 

■L  Freedom  from  Spirlous  Responaes 

c.  Mechanical  and  Environmental  Fealuree 
3. 3, 1  Frequency  stability 

The  frequency  slablllty  requirement  Is 
Important  since  the  contrlbullon  ol  the  local 
oscillator,  used  for  Iranslaticm  from  receiving 
to  transmitting  frequency  ol  the  transponder,  ts 
not  cancelled  in  the  llnaUy  received  record  of 
the  Doppler  shift.  Because  of  this  fact  ws  are 


The  features  of  selectivity  and  absence  of 
spurious  responses  should  be  considered  Jointly. 
From  the  alandpolrii  of  spurious  responses  gener¬ 
ated  by  the  equipment  Itself,  high  selectivity  Is 
needed  both  In  the  active  resonant  channel  follow¬ 
ing  the  frequency  transposition  snd  In  the  active 
channel  preceding  It.  The  choice  of  frequencies 
of  reception  and  transmission  Is  such  that,  If 
the  above  condition  Is  adequately  satisfied  and 
If  sufficient  shielding  between  varl'j>js  parts  of 
the  equipment  Is  provided,  there  'a  no  danger¬ 
ous  coincidences  of  Intermodulatlon  products  of 
receiving  and  transmitting  frequencies  to  be  ex¬ 
pected  which  would  produce  spurious  responses 
of  the  aystem  at  a  single  spurious  frequency," 

The  precaution  of  adequate  shleldUig  la,  however, 
of  great  Importance  because  of  the  proximity  of 
circuit  elcmcnls  belonging  to  receiving  and  trans¬ 
mitting  parts  of  the  circuit.  The  most  critical 
perlormanre  from  the  standpoint  of  rejection  of 
spurious  responses  occurs  for  the  following  nu¬ 
merical  data  (approximate  for  lllustrattcw): 

receiver  channel  frequency  328  MC 

local  oscillator  frequency  78  IfC 

Iransraitter  frequency 


6iq 


IW  MC 


TSe  truiamltter-chats  cluusnel  ehoold  be 
nelectlve  enoogh  to  reject  the  frequency  o(  the 
aecond  harmonic  of  the  local  oactUator,  Ue. 

1&8  MC.  The  obtained  rejection  ratio  exceeda 
7S  «». 

Tha  coaxial  dealga  o(  the  reaooatora  aad 
the  Juiitclous  choice  of  chaaata  ahajM  contributed 
graatly  to  the  adequacy  of  ahlel^ng.  These  coa- 
trlbutloos  are  difficult  to  express  la  a  quantita¬ 
tive  manner. 

In  order  to  protect  the  system  from  spuri¬ 
ous  responses  arising  from  the  Intermodulatloa 
of  one  or  more  spurious  signals  an  adequate  de¬ 
gree  of  preselecllvlty  U  required.  Preselec- 
tlvlty  U  defined  as  selectivity  of  circuits  preced¬ 
ing  the  first  active  or  significantly  nonlinear  de¬ 
vice  of  the  system.  The  reason  (or  the  provis¬ 
ion  of  two  tuned  resooators  In  frooi  ol  the  receiv¬ 
er  Is  to  provide  a  certain  amount  of  pre selectiv¬ 
ity.  The  lack  of  space  prevents  the  application 
o(  an  elaborate  preselectivity  filter  but  even  n 
small  Improvement  of  this  feature  la  of  consid¬ 
erable  value  since,  for  example,  for  two  spuri¬ 
ous  signals  the  degree  of  percentage  Intermodu- 
latlon  experienced  is  proportional  to  their  pro¬ 
duct.  Thus  an  equal  decrease  o(  both  spurious 
signals  percentagewise  oecreaees  the  rejection 
ratio  in  the  ratio  of  the  square  of  Us  magnitude. 

The  basic  resonant  element  for  the  de¬ 
scribed  equipment  m  specially  developed  It  the 
form  of  a  tunable  conceitrlc  resonator.  The  cal¬ 
culated  Q  of  the  concoiitric  line  portion  of  the 
resonator  amounts  to  about  700.  The  measured 
Insertion  loss  Is  approximately  9  db  for  the  selec¬ 
tivity  curve  shown  In  Figure  6.  Au'ordlng  to  Uts 
calculation  of  Fublnl  and  OulllemUr  this  Inser¬ 
tion  loss  corresponds  to  the  unloaded  Q  of  each 
resonator  of  ab<Mt  450.  The  difference  Is  prob¬ 
ably  accounted  (or  by  dielectric  losses  and  re¬ 
sistance  of  braxed  Joints  In  the  resooators.  The 
selectivity  curves  of  the  receiving  and  transmitting 
chains  are  shown  in  Figure  d. 

3.3.4  Mechanical  and  envlrr.imental  features 

Figure  9  shows  the  mechanical  layout  of 
the  equipment.  Special  attenUoa  has  been  paid 
to  the  location  of  the  crystal  oven  which 's  ad¬ 
justed  to  regulate  the  temperature  within  *0.5 
degree  C.  A  high  temperature  oven  (110  ®C) 

Is  used  In  order  to  minimize  the  unavoidable  dif¬ 
ference  between  the  temperature  of  the  oven  and 
the  highest  ambient  temperature  of  125  degree  C. 

In  view  of  very  exacting  temperature  requirements 
considerable  attention  was  paid  to  the  problem  of 
heat  conduction  away  from  heat  sources.  Figure 
10  shows  the  main  features  of  this  design.  The 
layout  of  the  transiKXider  enables  easy  retunlng 
to  a  different  channeL  The  transmitter  output 


clrcott  vbicti  ts  In  the  form  of  a  TT  filter  facU- 
Italsa  the  attenuaUoa  of  harmon'.ca  of  the  output 
frequeaey.  The  equipment  Is  designed  to  cer¬ 
ate  at  attitudes  up  to  80000  feet  and  wttbstand 
vlbralloaa  of  10  C  and  ahocki  of  50  G. 


I 


Figure  8.  Selectivity  Curves  of  Target 
Transponder 


Figure  0.  Overall  View  of  Transponder, 
A.R.  F.  Type  ART-1 
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Figure  10.  Transponder  Housing  an 
Heat  Sink 
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Appendix  1 


TIi8  Dopplcr>8hlft  carre  nnd  lU  tlm  derlv- 
ntWe  csa  Im  conyeolenUj  prceented  la  a  noraai- 
Ued  fasbloa  aa  foUowa  (  ae«  Figure  11 ). 

InoUnUneoua  trequencF  rceetrad  la  : 


f’ “  ^  ^J£!  elicre  f  la  speed  at  light 


/r/.  K 


eeUf'ore  tan  iLi ) 


Vi  fix  •  Dopplar  ahllt : 

f  Vt 

The  Uc»e  derlvallye  ot  \m 


A- 


•it 


V* fl  Cosf^'ttan. 

/*/  /.  Vd'p’“ 

*  TP_  •/ 


hUxlmum  value  of  the  time  derivative  being 


c 

U  we  choose  the  ordloatea  la  auch  a  waaoer  that 

t^O  at  the  moment  o(  least  distance  ^.we  caa 
conveniently  construct  a  normalized  ‘'universal" 

plot  of  and  y  by  using  the  following  modi¬ 
fied  coordinates: 

Abscissa  (  common  )  :  OC.  ^  ^  t 
Ordlaates :  __ 

Kormallzed  •  J  •  functlon^i’^ 

/a 

^  V  /r 


where  / 

^2> 


Normalized  '  hiactloo 


where 


k 


—  r 


The  nonsallaed  cuiwea  are  shown  In  Flgura  11. 
We  notice  that  lor  X-t!  the  absolute  value  of 
the  Doppler  shift  Is  0.707  of  Us  maxlPinm  value 

&Ad 

!  ,  J.—  at  that  point. 

‘The  relationship 

ill  ,  * 

occurs  St  *  •  0.8.  The  curve  /  /  *» 

•  function  (i)  which  could  bu  generated  by  an¬ 
alogue  devices  owing  to  (he  exlstance  of  mazi- 
mum  at  i- o  may  be  useful  to  pinpoint  the  mo¬ 
ment  of  mlBS-dlstsiice. 


X.- 

fm  ■  rwii.in  •  ••  m  m  UiMM. 


Figure  11.  Normalized  Ooppler-shlft 
Curvee 
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ra  t9MB>iaMBB10IAL  IRACnVO  or  UKieMAlXi  KCaSUJB 
%:  e.  a.fioliosgr  a  K.VbrMmlt 


Iba  Atvaloj— ot  of  uDAarvaiax  BlaaiVa  Xn£SL- 
iactruieaVatlOQ  la  raviavad  brlefljr.  ani 
currant  ^Adervatar  trackli^  raosaa  ara  aaacrlba&. 
Soaa  dlaanationa  of  tba  ganeral  md 

tacUniquea  of  uadaxvatar  traokisf  inati^BAnta 
tlon  la  jrcseotad  in  raleti<A  to  tba  cMrant 
probXea  cf  Itstrwantlog  a  larga  at 
vatar  for  three- dlAsoalonal  tracklat  af  tteaa 
or  tt>ra  Yahlciea.  6oaa  lnatriMttit«t&aa  ayatau 
concepta  vhlch  Lave  been  jptro|o*ad  to  aaLiaf^ 
thla  requlraoeot  ara  dlacuaaedi  aad  tba  baela 
for  aeleetioa  of  a  ayataa  for  daveXoiHei  la 
outllnadU 

A  previouJ  papar^  aurvayed  toe  blatorleal 
devalopiAcit  of  ualervatar  nltolla  tradlAtf 
lnstr\Baentatlon  aod  datcribed  tba  inatniat  bi  I  at  loa 
ayatena  Iti  current  uaa.  Tba  preaast  aymtaea 
that  BDit  bearXy  approach  tba  dealrei  perfor- 
Baoce  are  the  ayates  developed  by  tba 

Applied  IbyBlci  Laboratory  of  tba  UaAwralty 
of  VaAhin^on,  nod  the  Hyperbolic  ^vxrdlaata 
ran^  developed  by  the  Baval  UDderendcr 
Ordnance  Station* 

Tt«e  “J-D''  ayatea^  Incorporatea  ooa  or  eora 
ucdcrvater  iound  projectora  and  four  feceivera 
Bounded  oo  a  •ia^a  bana*  tbe  kliACcaloaa  of 
which  aie  eMll  cos^pared  to  tbe  voIubb  of  vatar 
in  which  tracxing  la  to  ba  achieved  (fl^.  1). 

A  keyl^  ilgnai  trfc*i*ciltted  froa  the  projector 
la  repented  at  a  ‘Ufferent  frequency  by  a 
tranapoader  inatalled  in  tba  miaalla;  tba 
repeated  slfnal  la  then  received  by  tba  four 
rectivtra  In  tbe  array,  vhlch  are  loealaA  oo 
aj  to  defUia  thr«  sJtuaXly  perpendiralar 
coordlaatca.  The  rou?^-trlp  traaait  tUa 
providea  a  aaeaureaeot  of  rangay  vblla  tba 
relative  phMe  of  tbe  aigruiJia  arriving  at  tba 
varloiui  recelvera  pennlta  detarainatloa  of  tbe 
direction  to  tbe  aiiaaLle.  thla  ayatca  aoa 
cri«:l*Nnily  dealgned  for  uja  lu  the  watara  of 
?uget  Oo^  at  a  depth  of  aiout  6oo  feat;  a 
Jo»/er  frejveccy  nodol  baa  alixe  bean  developed 
and  teated  at  l£<X)  foot  depth,  and  tbia  mm 
»;>del  vlth  sore  ayuflcaiiooa  la  nov  balag 
tested  at  atUJL  greater  depth-  A  aodiflcatloo 
of  thla  ayaUB  la  tbe  xiaa  of  aynchroalsad  clocka 
in  the  'Vehicle  azul  *d  tba  InatrxAentetlca  ayataa 
to  pcrait  Gsenaureaent  of  tba  oc^-  vay  al^&I 
tranalt  tlua,  thereby  allrArAtLc^  tbe  require 
at/Ot  for  tvo-vay  cntbcvTiicatloiw 

The  Byperboiic  Coordinate  Raafe  «aa 
developed  in  a  tvo-dloenalosM.  fon  (Tig*  2) 
for  tractlns  aicvllra  la  tbe  aballoa  vatera  of 
Jkrragaraett  Bey.  Tba  concept  lerolvea  tba 
gaoeroMon  of  a  found  pul^e  la  the  alaalla  which 
le  receivjd  at  Uj^e  or  oora  UDdenrster  rm~ 
ceivexa  .’ocetc-d  ot  the  comara  of  a  lArge  aquara 
vhlch  ie  tnteuAed  to  contadA  tba  poaltloa  of  tba 
aoiiTvi  aoxircea.  Dlfferaoeoa  in  arrival  tiaa  at 
the  various  rccelvera  dctenLlpe  Interai'etlog 
hyperbolae  to  locate  the  poaltioa  of  Us  alaalla. 
Thla  ayrtea  dc^a  not  retiulr^  knowledge  at  the 
tlaa  of  pulse  gCArratlon  for  coequtatboa  of 
tta  •:o*Tc«  position. 

It  bXrf  appeora  neccflsery  to  develop  an 
Inatrxaaantatlon  aystes  capobla  of  Urea 


diaeualooal  tracking  of  not  only  tba  adaalla 
but  aleo  tbe  XauDchlng  plhtfora  aod  the  target 
Id  a  large  voXuoe  of  deep  water,  the  requlreasuha 
for  a  Deep  Water  Kanga  hove  been  axMdxsd  In 
tom  detall3  aod  it  haa  been  propoaed  that  tbe 
range  voltes  (of  tbe  order  of  one  or  aore  silica 
In  each  of  Ita  three  dlaenalODa}  be  lnatr\aBented 
to  provide  overall  tracking  of  aoderate  accurary^ 
with  a  aoBll  'irea  inatnaaented  for  greater  pra* 
claloo  end  a  precise  target-centered  eyatea  for 
close- In  relative  neas ureaenta.  ttiia  paper  vlU 
ba  concerned  only  with  the  large- volxae,  exxicratc 
accuracy  tracking  cysten*.  Without  specific  Jua- 
tifleatlon,  W«»  wUl  confine  our  coosiderattoa  to 
a  fixed  loatnllation  with  bottoa-nounted  instn*- 
a.*utatlon.  Two  geuernl  faailiea  of  cyatema  uuv 
availahle;  a  hyperbolic  cyatea,  baaed  on  aeasun>- 
Utfnts  of  differencea  in  arrvvai  tloe  of  e  signal 
at  various  points,  end  a  spherical  syatea,  based 
on  meaeuremcLrts  of  transit  tlse  between  the  ais- 
elle  and  the  receivers.  Either  fftnl  ly  obvlou&ly 
can  have  two  branchea:  an  intcmal  vvasurejaent 
system,  where  the  array  dlrrrslons  include  the 
volisoe  in  viUch  the  measurej  ots  are  to  be  nede, 
end  on  eictemsl  measureemt  ayatca  in  which  tbe 
array  dLmensLcns  are  small  compared  tc  ths  to1\sk 
to  be  ccarncd.  TTie  AS^L  **>0"  lyvtea  nentiosed 
shove  la  an  expicixle  of  the  spherical  ejctemal 
swarjremcDt  aystea,  while  tbe  g«vai  Oodervatex 
OrdnAcce  Station  ^^or  Range  la  aa  cxAfir/dc  of  tbs 
hyperbolic  Internal  ocasureaent  ayatea. 

Bordcrlco^  of  the  Kaval  Ordnaoce  Laboratory 
haa  compared  K)'perbollc  acd  spherical  ayateaa 
and  devoQstrated  the  following  geoerall  tat  ions: 

1.  Tor  latcixtl  oeaevtrtaeots,  a  alx- 
rctelver  hyper'^lic  aystea  yields  the  slicpltol 
aod  higlKBt  accuracy  aolutlOD. 

2.  for  external  Beasureaaats,  two  eases 
irust  be  considered*  Close  to  the  array,  a 
hyperbolic  system  shovo  greater  accuracy;  ViA 
at  distances  cosp^ahlc  to  or  greater  than  tbs 
diaeDslOQs  of  tbe  array,  the  apherlcal  svstes 
Is  acre  accurate. 

3.  error  of  tbe  hyperbollv:  cxter&al 
system  Increases  vltb  the  cube  of  tbe  diotance 
frow  the  array* 

U.  The  error  of  tbe  spherical  external 
systes  iDcreaaes  with  tbe  square  of  tbe  dlrtsoce 
tram  tbe  ari'ay. 

5.  For  either  tbe  spherical  or  the 
bollc  system  tbe  volicae  over  vhlcL  a  aprcjflc 
accuracy  can  be  attained  Increases  as  tbe  arrgy 
dimeoslona  are  increased. 

Without  explicit  JuntiXlcatlou,  we  will 
state  that  the  signals  of  Interest  are  ncoustir 
waves  and  cAy  be  either  pulsed  or  coTitl*i\niA, 
pure  tone  or  distributed  Ir  frequnwry.  Tba 
principal  problem  is  to  obtain  reliable  dete^rtlOD 
and  accurote  local  1  nation  vb>'Ou^*o;jt  the 
that  oust  be  covered*  be  nay  select  operating 
fieqvicocy  or  frequencies,  signal  power,  traasaia- 
rlon  ruto,  and  .acthod  of  processing;  the  cboicea 
are  tact  Irdepcxidcat,  hewever,  alnce  tl«y  depend 
ujoo  U«  voluRo  to  be  covered,  the  }rTopagatloa 
characteristics  of  sea  water  at  tha  range  site, 
physical  iirdtstlorui  of  cqulirsent,  tbe  posslbUlty 
of  InterferciVit  with  or  detection  by  systena  to 
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b«  tc«U<l,  Kid  tte  DMd  for  tm«<>lffuouB  tT-^Uni 
or  mart  Dm  one  toroot. 

Wo  }t*To  cbooen  airoct  mooureaaot  of  aouod 
V-oqo.H  CtMi  ualoe  oyDcIuToiltod  tine  boaot  (l.a., 
o  ofterlcoi  oyotoa)  for  our  ^o«lc  wodo  of  oporo- 
tloB.  Al  0  bock  UP  for  thl«,  o  secoaiUrp  aoda 
vtU.  bo  TcoTlded  In  vUeh  tioi  dlfrorooeoo 
betoeon  oitIvoI  of  tho  ooM  puloo  oit  vorloua 
dotoclorv  yUlA  pervit  ciilculotlOQ  of  tbn  oourco 
pooltfoo  vitbout  kDowled^  of  tho  tloo  of  puLoa 
traoOBfotlon,  ualng  o  hypcrbolle  o^toa.  1b> 
choico  of  the  opberlcol  lyotca  o»  tho  p-laior7 
node  of  oporotlon  nlnlmltet  tbo  amjvu*,  of  doto 
procesolng  required,  ff  tba  orrv  f*  oymotrlcol 
la  opoco.  Thlo  condition  of  oyanBti7  In  opoeo 
lo  difficult  to  ocMcvc,  bowover,  unleta  ve 
tttobliob  o  rigid  otructure,  which  .'ogdleo 
rolotlvoljr  ohort  b«*o  line*  oad  tberoforo 
noboureannto  In  o  voluae  cxtc-mal  to  the  orro/, 
end  accuracy  falling  off  with  the'  o^unre  of  the 
diotonce  to  the  array.  If  we  relax  the  requlro- 
aeot  for  epaclal  eyaeetry,  ve  cun  uee  large  baoo 
lloea  and  oeaaure  inalde  the  Yoltsne  of  the  array. 
We  have  eelected  thle  approach,  ecceptlng  tba 
errore  loherent  In  poaltloning  tbo  Individual 
detectore.  Too  large  baae  line,  internal 
DcasuremcDt  array  will  be  eatabliahed  aa 
accurately  aa  la  econonlcaliy  feasible;  the 
locatloofi  of  individual  detectore  will  then  be 
detc.Taiaed  to  a  blgher  order  of  accuracy,  and 
conpoted  loeitlooa  will  he  ccrrectcd  for  erroro 
in  poaltlcnlng  the  Inetruenet-tatloo. 

For  a  long  baae  line  inetaJlatlon,  the 
natural  choice  of  an  array  eleracot  la  a  vertical 
atring  of  hydropbenee.  Since  the  eelected  site 
le  known  to  have  ertreraely  low  water  currente, 
the  vertical  atring  of  hydrophoaee  can  be  approa- 
iMted  by  ttw  uae  of  «  taut-wlrc  noorlng  technl* 
gue  in  which  a  eulnergod  b-joy  acd  an  anchor 
(upply  the  reatraiot.  With  tucb  a  aywtew 
(transit  tine  mcasureaente  froa  detectore  In 
vertical  stringa  on  the  bouodarlea  of  the  range) 
any  four  hydrophones  I'blcb  do  not  all  He  In  the 
aarr  straight  line  can  uniquely  define  tba 
poaitlon  of  a  source  In  space. 

If  transit  tine  is  eucccsefully  aBasurad, 
the  Datheontical  aodel  Is  esiectially  that  of 
the  APL  "3-0"  ayete*.  If  for  any  reason  we  can¬ 
not  neasurc  transit  tlac,  we  can  employ  tbe 
dlffercneei  In  arrival  time  at  varloua  paira  of 
detectore  (l.e.,  hyperbolic  gcooetry]  to 
determine  the  eource  position,  using  a  thre«- 
uiKnelonal  extension  of  the  matheeartlcal  aodel 
of  the  KICCa  oyEten.  In  either  cane  it  will  be 
neceseary  to  correct  for  deporturew  of  actual 
array  geonetry  froa  tbo  ideal,  and  for  variation 
In  sound  velocity  along  the  pntb  of  the  sound 
ray. 

The  system  selected  employs  a  vertical 
string  of  hydrojWwirvs  at  each  station,  with 
stations  located  at  the  comers  of  a  square, 
location  of  the  hy4.>^pnones  In  depth  along  the 
vertical  strings  depends  prltsnrlly  upon  thm 
sound  velocity  profile  at  location  of  Interest. 
F.-oto  a  cor/e  of  velocity  vs  depth,  one  can 
compute  ray  dlagraoo  from  which  refraction 
Itsiltations  enn  be  detenalDed, 

By  e.  graphical  proceae  that  li  quite  slrple, 
but  Bounds  too  Involved  to  describe  here,’  the 


Informtlea  derlvad  frea  the  rey  dlagr— i  oas  ba 
used  to  ^termlia  tba  cowaruga  of  a  hydrophooa 
sit  any  glvca  depth  for  aotr.eaa  at  any  glTta 
depth.  ^  this  Method  a  gyvsuf  of  raealver  daptha 
have  baan  aalactad  such  that  for  ttaa  aaaiaed 
valoelty  profile  any  targat  daaper  than  boo  faat 
can  ba  dataeted  by  at  laast  two  raealwara  and 
any  target  tballowar  than  boo  feat  can  ba  deteet- 
ed  by  at  least  two  other  reeatvere  If  tba  rangt 
Is  no  greatar  than  x0,000  yards,  sawing  auf* 
fteleat  8/1  ratio. 

Bavli^  nada  tba  ubolca  of  a  noda  of  aasaura- 
■eot  and  aa  array  configuration,  it  la  necessary 
to  decide  upon  a  sl-^al,  which  so  fa.'  has  been 
specified  only  aa  aa  acoustic  pulse  timed  by  a 
aynchrooous  clock.  Tbe  principal  objective  la 
specifying  tbs  character  of  this  signal  la  to 
obtain  reliable  detection  throi^hout  tbs  volvass 
in  which  we  wish  to  track  tbe  vehicle.  To  attain 
this  objective,  we  msy  select  operating  frequency, 
signal  power,  tranaalsalon  rate,  end  signal  pro¬ 
cessing  Bethoda. 

To  permit  aloultaneoua  tracking  of  a  ni^er 
of  targets  by  tbe  range  Instrvse&tatioa  hut  nov. 
by  ecbcb  otherg  several  flignal  cozwiepts  vere  coo- 
eldrred.  Burst  type  trs&sailseloa  vss  rulb^d  out 
because  It  requires  storage  in  the  erhlcle  of 
data  reKsrdin^  Its  o«n  position  isileea  ve  axe  to 
Accept  very  Infixitueat  datAe  PlrectloAAl  and 
tenpoisl  dlacrlJLlDAtioD  were  discarded  because 
thoy  b/ould  require  too  close  cootrol  of  tbe 
positions  and  orle&tatlona  of  tba  veblclaa  ax^ 
too  sELich  codificAtloo  of  fleet  equi^Bcst. 
CuntLouDus  transaisslon  over  a  broad  frequency 
band  at  lov  pc^**  level  with  corralelloa 
techniques  beifi£  employed  la  tbe  detectloo  system 
see.xd  8x>rc  proalslD^;  but  the  variability  of  tbs 
signal  lA  i^^aaa  and  aa^Hude  after  transAlsalon 
th'-O'w^  4  loog  Aca  vster  path  and  tbe  eevera 
requirements  liiqoaed  upon  tbe  instiMBeatatioa 
eyetea  sAke  Ibis  approach  appear  udv1a««  Ibe 
best  all  around  approach  appears  to  be  tbo  use 
of  relatively  oArrov  band  traosnisfioa  outside 
the  pass-bands  of  tbe  existio^  syrteMs 
Fortunatelyg  It  is  possible  tc  allocato  four 
bands  (to  ponalt  tracking  four  vshielee 
elxmltenecuJly)  at  a  reasonable  frequency  that 
vlH  provide  a  ■Inlasi  of  interference  to  existing 
equlpnsntv  It  is  then  necessary  to  choose 
betvMQ  pulsed  az^  continuous  transBlasioot  vltb 
pulses  being  selected  because  of  less  precise 
tlxElng  azui  phoee  control  requircaeote  ae  wall  ae 
lover  average  power  requlreaent.  Ve  tbea 
calculate  tbe  eignal  level  required  for  reliable 
detectloop  and  are  pleased  to  find  that  for  tbe 
dlstaneoe  ve  have  establlebed  as  a  deel^  goal 
the  povt^r  requireBeote  a.'e  not  exceeslve  if  ve 
base  our  eigznl* to- noise  ratio  on  sea- state  colee 
in  tbe  selected  area  in  a  reaeoDably  hlgb  sea 
state.  HXfre  is  a&^ther  noise-lUoited  case  to  he 
cooslderrdi  hoveveri  that  is  the  case  of  an 
interfcrlAS  taj^t  between  tbe  receiver  and  the 
target  of  Interest.  Assxning  the  loterferlns  tar¬ 
get  to  be  a  destroyer  traveling  at  hlgb  speedy  ..ve 
find  that  our  tentatively  cetabllsbed  elgnal  level 
le  odcQuate  at  the  earl  ana  range  of  Interest  if 
the  destroyer  docs  not  approach  the  tQrdropbons 
•ore  cloeelj  then  a  specific  distance;  consider¬ 
ing  the  gecaetry  of  tbe  proposed  arrsgr,  ve 


6l9 


eoMawUi  that  the  of  tort  tar^t*  !»• 

tiu'fcrlai  vlth  •  •ufflclont  maAxr  of  recolTOi* 
to  c»v«i  lo«*  of  a  aata  point  la  accepUhly  lo»- 
la  order  to  oataMJch  a  repetltloo  rata 
for  our  pulses,  wo  ust  cou^roolse  betwaao  a 
detire  for  a  hi«b  data  rate  and  the  necesaitp 
for  usMidtlduoua  detextalnatloa  of  the  alsnal 
ae^vjes^*  Tba  transit  tljtf  of  aa  acouatle 
pulse  ttiroi«b  aea  voter  to  tlia  aarlaiai  ranflO 
of  Interest  establlibes  the  alnlmn  repatltloa 
period  for  uneohlguous  tracklsd  If  there  la  ao 
attempt  at  coding  the  pulses,  for  aoB  vehlelea 
the  reoultlnj  data  rate  vould  be  'ide^taU,  M 
for  high-speed  aaneuverablc  vehicles  It  vou.id 
not.  Me  therefore  eelect  a  eli^e  pulse 
leostb  code  to  allou  us  to  diacrlalnaU  be- 
tveen  pvilees.  'D^ae  pulses  nay  all  orlglnata 
It  a  single  vehicle  If  there  U  a  need  for  a 
•  ery  hlgn  data  rate,  or  they  aay  originate  U 
dlffr  ent  vehicles  permitting  al»ltaneouS 
trading  of  several  vehicles,  each  at  a  lower 
data  rote. 

To  recipltulatc,  the  syatea  concept  wWuh 
heen  syntheelred  la  aa  follova:  Tracking 
will  be  accocplletied  inside  a  rectangular  array 
having  vertlcel  strlriga  of  h’Alrophonet  at  Its 
comers.  Synehroci  ed  clocks  vlll  permit 
Beaeureoent  of  transit  tine (and  therefore  range) 
to  each  hydrophone,  vlth  the  capability  of 
eoc;putlng  poeltlon  fron  dlffereneea  la  arrlvnl 
tUea  being  retain'd  aa  Insurance  against  clock 
failure.  Four  relatively  narrow  bands  of 
fretluencles  vlU  be  eoployed  to  peim.t  slsail- 
tcaeous  tracking  of  four  vehicles,  with  puls# 
length  coding  to  permit  a  high  data  rate  or 
tracking  of  a  greater  nv«i>er  of  vehicles  at 
l<nrer  data  rates. 

PreporatlODS  are  now  underway  for  an 
experlMot  to  be  carried  out  In  the  selected 
ares  and  designed  to  establish  the  validity  of 
the  con' Ideratlons  outlloed  here. 

RiTQlQfClB 

1.  "Purvey  of  Uoderwa*.er  Kisslle  Treckln^ 
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3.  "A  fitvvly  of  Underwater  Instrrasentatloa  for 
a  Deep  Vote.'  Rrurge"  by  D.  T.  Parry,  USMU06 
Consecutive  Ito.  303,  17  Dec  1959  (Conf) 
(Title  UnclJ 
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TrncKlhg  Syetciss"  by  D-  J.  Bordelon,  MOL 
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«mM«nc  rwu  uxMnoa 

n.r«t—i,  1t»  laoA  OarporstlOB,  & 
Ik'laB  duM,  Anour  RaMaruh  r»v>A«tlai 
ot  UlioDla  laatUuU  of  T»ebealo0 

Wa  THif  eoagrlM*  oe  •xtasaloa  of 
■Mtl  I  of  a  racoBt  papor  of  Cluat  (OperatlLoaa 
kanai  r%,  Jaljr-AuKurt,  1939),  and  Ita  purpoaa 
la  tv-  dlctata  atrata^aa  which  alalalM  ItM  o» 
»aeta>l  coat  (la  tlaa)  of  loeatii^  a  fatat  la  a 
rira^liiiT  ayataa  of  aq^iseitt.  fhaaa  atrataciaa 
ira  apcclallisd  for  uaa  with  autoaatle  tcatlat 
•quliriBt.  Tba  aodal  asatawa  that  tha  cn^ilaa 
afataa  ooaalsta  of  I  aodulca  eootalalac  b(1),... 
b(I)  alaaeota  taapactlveljr,  that  tha  coat  of 
awa^Blhf  tha  aodulaa  ara  t^,...,tj| 

rcapactlTmly,  aad  that  the  eoata  of  anaalnlin 
tha  aleaaata  wlthla  the  aodule  arc  t^j^,.... 
It  la  further  aaaiaed  that  Boduha 
telb  are  parfuraed  to  find  which  BOdula  la 
faaltp  before  eleaeat  taata  ara  perforcad,  anl 
that  there  cxlat  probahllltlei  at  each  ataca 
that  crrora  of  two  kloda  can  ha  aade;  (I)  that 
the  teat  falla  to  detect  an  actual  fault  In  tha 
B>d«la  or  Itea  heated;  (2)  that  the  teat  flada 
a  fault  that  doea  not  exlat.  Ihe  aatioatloa 
of  tha  prohahllltlea  of  fuulta  Iflns  In  reapcc- 
ll*e  Bodulea  or  eleaaati  la  perforaed  la  a 
dlffereet  wap  froa  that  lo  Cluaa*  paper:  thep 
arc  eo^uted  froa  eleecnt  rellabllltor  data  by 
■aalpulatloa  of  their  X  par aartera,  where 
la  the  eleecnt  failure  rate,  rurthereore,  coa- 
alderatloo  la  slven  to  fault  ayeptooa  that  ara 
auppiled  by  welghtlof  the  probabllitlea  accorA- 
lac  to  the  ayaptOB  Inforeatloo.  Becauie  cf 
the  anticipated  difficulty  In  obtaining  tha 
•eceaaary  paraaeter  eatlaatei,  the  analyaia 
be  noat  uaeful  for  tta  iliunlnatlon  of  tba 
taflmrc  the  aeweral  re<i>^red  eatlaatea  have 
a«  the  optlnwi  acarcb  routine. 
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A  cmthod*  ray  tube  called  the  PRINTAPDC^  i* 
described,  which  i*  now  commercially  available 
for  direct  electronic  printing  at  high  speed  on  non- 
sena*tixed  dielectric  material.  The  historical 
background,  theoretical  considerations,  princi¬ 
ples  of  operatio*^.  performance  characteristics, 
and  applications  are  discussed. 

The  high  Intensity,  high  definition  electron 
beam  used  in  this  direct  writing  tube  produces  a 
charge  pattern  on  an  unsensitised  dielectric  sur¬ 
face  such  as  paper  or  plastic  through  a  unique  mo¬ 
saic  printing  head,  which  is  an  orderly  array  of 
microscopic  metallic  elements  penetrating  a  thin, 
vaciitixn  tight,  glass  face  plate.  The  charge  image, 
either  tine  or  continuous  tone,  is  rendered  instan¬ 
taneously  visible  by  adherence  of  a  pigmented 
powder  or  floe,  which  nrvay  be  permanently  fixed 
by  a  rapid  heat  process,  or  erased  for  reuse  of 
the  base  material. 

Ictroduction 

A  special  cathode  ray  tube  series  called 
PrinUpix  has  beea  commercially  available  since 
December  1959.  Figure  I  Is  a  photograpn  of  rep¬ 
resentative  direct  writing  CRT's.  The  purpose  of 
this  paper  it  to  discuss  some  of  Che  featutes  of 
these  ^vices. 

This  CRT  was  designed  for  direct,  high  speed, 
detailed,  electronic  printing  on  non-sensiticed 
dielectric  sheet  such  as  paper.  In  place  of  the 
phosphor  screen  usually  associated  with  direct 
view  cathode  ray  tubes,  a  mosaic  target  Is  used 
ss  nhown  io  Figure  2.  The  target  consists  of  an 
orderly  array  of  conducting  elements  penetrating 
a  vacuum  tight  field  of  glass.  The  diameter  of 
the  conducting  elements  or  wires  is  approxinnatcly 
O.OOt  inch.  Two  tube  types  arc  now  in  production, 
one  with  250.  and  the  other  with  500  elements  per 
lineal  ii.eh.  corresponding  to  62.500  and  250.000 
elements  per  square  inch  respectively . 

As  civilization  advances,  the  quantity  and 
variety  of  printed  and  pictorial  material  required 
for  every  day  affairs  increases.  With  the  rapid 
progress  that  has  bseo  rriade  in  electronic  com¬ 
puting  and  automated  data -handling  systems  dur¬ 
ing  the  past  decade,  the  need  has  arisen  for  a 
printing  device  capable  of  operating  many  times 
fsster  than  electro-mechanical  printers,  lii  ap¬ 
plications  whi.Te  the  high  speed  output  of  informa¬ 
tion  is  not  continuovis,  the  demand  on  a  printer  for 
rapid  response  may  be  reduced  through  the  use  of 
intermediate,  temporary  storage  systems,  such 
as  magnetic  recording,  which  allow  the  typewriter 
or  other  electro-mechanical  printer  to  catch  up 


^Trademark  of  Litton  Industrie* 


with  ths  high  speed  informstiosi  source  while tSso 
Utter  is  idle.  Even  io  esses  where  this  prece* 
dure  is  adequate ,  a  direct  high  speed  printer 
could  reduce  complexity  and  improve  reliability. 

It  is  not  difficult  to  sute  in  general  terms 
the  properties  of  an  Idealised  high  speed  printer. 
The  **typc**  must  have  cxirennely  small  mass,  so 
that  it  can  be  pc^siticned  rapidly  with  a  minimum 
expenditure  of  energy.  Also,  the  process  of 
making  visible  mark*  on  paper  or  other  materlai 
should  consume  a  minimum  amount  of  energy. 
These  requirements  suggest  the  use  of  electrical, 
electronic,  or  optical  systems.  A  beam  of  light 
can  write  on  photosensitive  material  with  very 
little  energy.  However,  in  the  formation  or  se¬ 
lection  of  characters  with  optical  devices  em¬ 
ploying  a  mechanical  system  for  motion,  such  as 
a  small  oscilUtlng  or  rotating  mirror,  a  signifi¬ 
cant  amount  of  inertia  is  introduced  which  limits 
the  maximum  speed. 

Ac  electrical  or  electronic  commutation  sys¬ 
tem  provides  the  ideal  means  for  insrtLaless 
selection  and  positioning  of  characters.  Forte- 
stately,  there  exists  a  practical  and  efficient 
method  of  producing  visible  images  from  electrlt 
charge  patterns  on  dielectric  media. 

The  phenomena  of  electrostatic  attraction 
and  frictional,  or  tr Ibo-electric  charging,  have 
been  known  since  the  time  of  the  ancient  Creeks, 
The  concept  of  making  a  charge  pattern  visible 
by  the  adherence  of  tribo-electrically  charged 
dust  seems  to  be  relatively  old.  but  apparently 
no  extensive  practical  use  was  made  of  it  until  . 
the  invention  of  Xerography  by  Carlson  In  1917. 

In  the  Xerographic  system,  an  optical  image  is 
formed  on  a  pre-charged.  photoconductive  plate. 
The  resulting  charge  pattern  is  made  visible  by 
the  application  of  dust,  and  the  dust  image  le 
then  transferred  by  electrostatic  attraction  to  a 
sheet  of  paper.  This  system  has  found  wide  ac¬ 
ceptance  In  rapid  photocopying  equipment.  If  the 
input  data  is  in  electrical  form,  it  can  be  dis¬ 
played  on  a  cathode  ray  tube,  imaged  through  a 
lens  system  to  the  photoconductive  plate,  and 
printed  by  Xerographic  technique  on  paper. 

Before  proceeding  to  the  discussion  of  direct 
electrostatic  printing,  it  might  be  well  to  mention 
that  there  are  other  ways  of  making  visible  im¬ 
ages  electrically .  For  example,  specially  treat¬ 
ed  sensitized  papers  arc  used  in  facsimile  equip¬ 
ment,  on  which  elements  are  darkened  by  a  Dow 
of  electrical  current.  The  energy  required  to 
make  a  mark  by  these  methods  is  much  greater 
than  that  required  to  make  direct  electrostatic 
charge  images. 


1.  Carlson.  C.F.  U  S.  PaUot  No's.  2.297.691 
and  2,357,809.  1939,  1940 
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I>ir«ct  clectroiUtic  printing  cllmlnatvn  t>i« 
need  for  the  optical  syetcm,  the  delicate  photo* 
conductive  eurface.  and  the  traoafcr  proccee  aa 
used  in  Xerography.  A  needle  point,  held  cloea 
to  or  touching  a  dielectric  eheet.  which  is  cKargerd 
to  ecveral  hundred  volte  with  reepect  to  a  conduc¬ 
tive  backing,  may  be  used  to  depoeit  a  charge  on 
the  dielectric.  A  almple  printing  device,  baaed 
oa  this  principle,  coaeieta  of  a  matrix  of  35 
needJee  arranged  ia  a  tive  by  aeven  rectangular 
array.  Each  wire  ia  awitched  on  or  off  with  an 
electronic  circuit.  Thue.  inforfrution  In  digital 
lone  can  be  printed  o-Jt  aa  aymboli  made  up  from 
35  picture  elemente.  If  more  detail  ie  required 
than  can  be  reproduced  with  35  picture  elemente. 
the  wiring  and  auxiliary  circuitry  for  a  device  of 
thie  kind  becomee  increaeingly  complex.  The 
next  logical  development  would  be  to  bring  a  large 
aumber  of  needlea  through  the  wall  of  a  vacuum 
tube,  commutated  with  an  electron  beam.  The 
Printapix  printing  tube,  to  be  diecuaaed  ia  thie 
paper,  ia  a  cathode  ray  tube  with  many  thoueande 
of  Tine  wires  sealed  into  the  headplate  and  elec¬ 
tronically  commutated.  The  selection  of  aa  aver¬ 
age  elemeotAl  spacing  of  a  few  thousandths  of  an 
inch  in  a  mosaic  provides  adequate  resolution  for 
the  detailed  rcproductioo  of  telcvieion  pictures, 
documeats,  mod  general  alpha -numeric  printing. 

Prlnciplee  of  Operation 

rigure  3  ehowi  an  artist's  cut-away  view  of  a 
PrinUpLx  printing  tube  and  its  relation  to  the  paper 
or  dielectric  sheet  upon  which  irnagea  are  to  be 
printed.  A  high  lateasity.  high  velocity  electron 
beam  of  a  diameter  approximating  the  mosaic 
inter -electrode  spacing  impinges  on  the  n\ioute 
conductive  elemeats  of  the  mosaic  target,  charg¬ 
ing  them  to  a  oegalive  poteollal .  Since  the  con¬ 
ductive  elemcnta  extend  throu4h  the  glass  face¬ 
plate,  this  accumulation  of  charge  can  be  brought 
ia  close  proximity  to  the  dielectric  surface  out¬ 
side  of  the  CRT*  The  charge  pattern  may  be  in* 
duced  in  the  dielectric  and  "developed"  or  made 
visible  by  the  adhereace  of  a  li  ibo-electrically 
charged,  pigmented,  plaatic  powder.  The  powder 
la  applied  uniformly  in  excess  to  the  surface,  and 
then  can  be  shaken  off  or  scavenged  from  the  un¬ 
charged  regions.  The  reaulting  image  can  be 
"fixed"  or  made  permanent,  by  applying  heat, 
pressure,  or  a  transparent  adhesive  to  bond  the 
powder  to  the  dielectric  surface.  Continuous 
tone  reproduction  ie  possible,  beesuee  the  tlxe  of 
the  area  which  attracts  duet  ie  a  function  of  the 
total  charge  on  the  dielectric,  which,  in  turn,  is 
a  function  of  the  charge  on  the  wire  over  a  consid¬ 
erable  range.  The  reproduction  of  a  gray  scale  Ie 
therefore  analogous  to  a  printed  KaU-tcoe,  in  that 
the  effect  of  gray  is  produced  by  the  varying  ratio 
of  area  of  black  to  white  elements .  Figure  4  is  a 
photograph  of  a  eentinuous  tone  picture  printed 
with  a  printapix  writing  CRT.  Figure  5  le  n 
nuern-photograph  of  this  printing. 

A  two-dimensional  picture  can  be  produced 
In  any  one  of  eeveral  ways.  F/^ch  member  of  the 
Printapix  family  ie  particularly  suited  for  opera¬ 
tion  In  one  or  more  of  the  tnodee  to  be  described. 

A  tube  In  which  the  head  elemente  are  arranged  in 
a  linear  array  can  be  used  in  raster  scan  applica¬ 
tions.  The  borinontal,  or  higher  speed,  sweep  is 


aa  electronically  generated  scan  along  ti>e  Um  %i 
wires.  The  paper  Is  moved  mechaslcnlly  pest 
the  bead  of  the  tube  to  provide  the  equivalent  of 
the  veiiicel,  or  elower,  ewcep.  A  pictore  can  be 
printed  if  the  beam  is  modulated  with  a  video  sig¬ 
nal  derived  from  a  flying  spot  tcaaaer.  televieloa 
camera,  or  other  pattern-generator.  A  eoe- 
laterlaced  scan  le  preferred.  Figure  4  le  a 
photograph  of  a  test  pattern  printed  in  this  Isshlqn. 
The  single  line  tube  is  also  useful  as  aa  oeclllo- 
graph  t\d>c.  with  wave-form  denectioa  along 
wires.  Mechanical  motion  of  the  dielectric  pro¬ 
vides  a  linear  lime  base. 

A  tube  with  an  area  mosaic  head  can  be  used 
to  print  two-dimensional  Images  on  a  large  area 
field,  permitting  random  acceee  capability.  Any 
mode  of  deflection,  such  ss  rectangular  ecamUng, 
polar  scanning,  or  curve-tracing,  may  be  used 
with  appropriately  shaped  mosaics,  /^pha-aumer- 
ic  characters  can  be  generated  by  scanning,  by 
the  use  of  a  supplementary  deflection  system 
driven  by  a  character  generator,  or  by  the  forma¬ 
tion  of  a  shaped  beam  La  a  special  gum. 

The  mechanical  system  for  use  with  tbs 
printing  tuba  i*::cludes  the  mounting  for  the  tubs 
and  Its  external  deflection  and  focus  components, 
the  applicator  or  developer,  the  fixer,  and  a  suit¬ 
able  paper  transport  device.  The  detailed  design 
of  these  units  nvay  vary  over  wide  limits,  depciid- 
ing  upon  the  writing  speed,  the  type  of  preeenta- 
tion,  and  the  disposition  of  the  printed  material 
as  it  leaves  the  machine.  The  dust  may  be 
brushed  on,  picked  up  from  a  cloud,  or  allewedi 
to  fall  on  the  surface.  The  excess  dust  may  bo 
removed  by  gravitation,  shaking,  bl&wiog,  suck¬ 
ing,  or  brushiog.  The  clioice  from  among  thee# 
methods  is  primarily  a  matter  of  convenience  i» 
a  particular  eyatem.  When  the  paper  ie  station¬ 
ary  or  moving  slowly,  fLxl,ig  can  be  accomplisbed 
by  heating  the  back  surface  of  the  paper  to  a  rela¬ 
tively  low  temperature  by  direct  contact  with  a 
heating  element.  In  high  apeed  systema,  radiaat 
heating  of  the  front  surface  of  the  paper  by  a  blgb 
temperature  source  will  melt  the  plastic  ia  tbo 
shortest  possible  time.  Conventional  metboda  of 
handling  paper  tape,  cither  with  contiauoaa  or 
discrete  motion,  are  applicable  to  Printapix 
ayeteme. 

Electrically,  these  writing  tubee  operate  la 
a  manner  very  similar  to  other  cathode  ray  tubes. 
Production  tubes  employing  magnelir  deflection 
are  at  present  the  most  popular, 

la  general,  deflection  and  focua  coils  which 
would  be  suitable  for  a  particular  display  oa  a 
directly  viewed  cathode  ray  tube  could  also  bo 
used  with  these  printing  CRT's  in  the  eamo  typo 
of  display.  Deflection  circuitry  can  be  designed 
to  meet  the  needs  of  specific  applications.  A 
sperial  form  of  this  CRT  is  available  with  com¬ 
posite  electrostatic  "vernier"  deflection  and  mag¬ 
netic  main  deflection. 

In  order  to  keep  the  writing  head  at  groimd 
potential,  it  is  desirable  to  operate  the  tube  with 
the  electron  gun  at  a  high  negative  potential,  lx 
this  mode  of  operation,  the  beam  current  modu¬ 
lating  signal  le  coupled  to  the  grid  through  a  high 
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n>1t«g*  device.  One  eyetem  of  ceujiliag* 

which  work!  •allefectorily  with  video  aigaole  cov¬ 
ering  a  frequency  epeclruir  from  dc  to  aeveral 
megacyclea,  employe  an  rf  carrier  modulated  by 
the  video  eignal .  A  wide  band  toroidal  trani- 
former,  iBsolatcd  to  withatand  the  anode  voltage, 
la  uaed  to  couple  the  modulator,  near  ground  po¬ 
tential.  to  a  detector  and  video  amplifier  Oil  aa 
inaulated  chaeala  at  cathode  potential  .  A  alir.pla 
capacitive  coupling  ia  aufficieot  In  appllcatloae 
where  good  low  frequency  reeponae  ia  not  re¬ 
quired.  and  energy  atorage  in  the  coupling  capac¬ 
itor  can  be  kept  amall .  Figure  7  la  a  typical  cir¬ 
cuit  block  diagram. 

A  video  aignal  of  the  correct  polarity  to  pro¬ 
duce  a  poaitivc  picture  on  a  directly  viewed  cath¬ 
ode  ray  tube  will  produce  a  negative  picture  when 
applied  to  a  Printaput  writing  tube.  Since  light 
colored  paper  and  daii.  powder  are  commonly 
uaed.  arraa  of  higheat  beam  Intenaity  will  appear 
aa  black  on  the  paper.  Inverted  video  can  be  uaed 
with  the  printing  tube  to  produce  a  poiltive  pic¬ 
ture.  For  prioting  aymbola.  line  diagrams,  or 
oscillograms,  thr  dark  lines  resulting  from  nor¬ 
mal  potillve  grid  drive  are  ideal. 

Theoretical  Considerations 

awhile  the  general  principles  of  electrostatic 
writing  arc  readily  described,  a  detailed  eaplan- 
atlun  of  the  procetaea  Involved  can  be  very  com¬ 
plicated.  The  theory  presented  here  ia  an  attempt 
to  explain  results  obtained  from  practical  teste. 

The  individual  minute  charges,  amall  capaeiunces, 
and  high  mluea  of  reaiativiiy  are  difficult  to  mea¬ 
sure  ilirecUy.  particularly  under  dynamic  con¬ 
ditions.  The  PrinlapLx  printing  tube  wie  used  as 
a  "statistical"  tool.  The  moat  significant  indica¬ 
tor  of  the  electrical  conditions  was  the  nature  of 
Ihe  writing  obtained. 

From  an  analysis  of  Ihe  writing  samples,  de¬ 
ductions  can  be  made  ccttcerning  the  conditions  of 
voltage  and  charge  which  must  have  existed  on  the 
head  elements  and  Ihe  dielectric  surface.  Such 
deductions  have  proved  useful  by  suggesting  the 
dj lection  in  which  certain  parameteri  might  be 
changed  in  order  to  Improve  the  resulle.  and  have 
led  to  the  deeign  of  a  practical  device. 

Figure  8  is  a  schematic  drawing  uf  an  operat¬ 
ing  PrlnUpLx  CRT  with  an  exaggerated  scaling  to 
assist  in  illustration.  The  CRT  is  designed  to 
operate  with  10  to  30KV  anode  potential  relative 
to  cathode.  Because  the  anode  is  usually  ground¬ 
ed  it  Is  appropriate  to  use  anode  potential  as  a 
.efcrencc  aero  potential. 

The  net.  effectiva  corrent  (In)  to  a  particular 
bombarded  clement  consists  of  the  beam  current 
(Iq)  mlnns  the  currents  of  secondary  emission 
(lO.  target  leakage  (tjJ ,  and  the  current  to  the 
exterior  of  the  tube  (I^  .  Therefore: 

’n-  «B  -  “s  ♦  4-  ♦  V  <» 

Aa  equatioa  for  the  potential  of  the  element 
may  be  derived  by  commencing  with  Ihe  fur<da* 
mental  relationihip: 


where:  V  le  the  potential  of  the  element  C  lo  tho 
total  capacity  of  the  element;  andO  le  Umi  charge 
OA  the  elemaalw 

The  charge  oo  the  element  may  be  expreeeed 
ae  follows: 

T* 


whcreiQ  •  initial  ebarga  cowditlM.and 
o 

T|  •  equivalent  time  interval  that  enr- 
real  flowee 

By  eubstitution  in  equation  (I)  the  cxprceeioo  for 
potential  becon^ee: 

t.  T, 


Equation  (t)  Indicate*  that  the  potential  of 
the  particular  element  le  a  function  of  itt  prev* 
ioua  history  aod  environment  (Q^)*  effective 
capacity  |C).  the  net  effective  current 
the  time  Interval  of  current  flow  (T|)* 

The  current  L  may  be  expreeeed  ae  a 
function  of  1^: 

*S-  S*B 

where  2  eecondary  emlseion  ratio.  I, 

may  be  made  very  small  by  ualng  a  very  go(M  1»- 
eulutor  euch  as  glass  betx  -.  rn  wire  elements. 
Then.  may  be  expressed  as; 

»N-  ^  -  IS  *  V 

In  practical  operation*  a  (of  let*  than  unity  it 
obtained  (aroxmd  O.S). 


S  (typical)  ■  S  '  'p 

Then  by  eubetitutloo: 

t  -  Tj  t.  T^ 

V-  r  0.5  Ip  d»  -  r  Ip  dfQ^  (4{ 
i/o  - C -  T,  o— C“  T" 


where 

flow. 


T^  ia  Ihc  effective  time  interval  of  Ip 


If  the  energy  conveyed  by  the  beam  exceed* 
that  loete  the  element  potential  will  proceed  to¬ 
ward  cathode  potential  ae  a  limit.  If  energy  lost 
from  the  clement  cx.*eede  that  gained,  the  po¬ 
tential  piocecde  toward  ground  (antM^e)  potential. 

The  *'raiD**  of  a  portion  of  the  secondary 
electrooe  will  tend  to  cause  the  whole  target  to 
rtaove  toward  cathode  potential;  again,  the  llmll 


625 


•  • 


d«p«nd«  upon  th#  pottsttal  •n«rfy  b«l4iic«. 

Tbft  voltAj*  ftddltiM  of  rifure  S  fivet  this  rm- 


V.  V,* 


or  Vp  -  V  - 


whsrc  Vp  Is  th«  effsctivs  potential  nssr  ths  di* 
clsctrlc  MSS  surfscs  sad  is  the  coupling  po« 
tentlsi  drop  due  to  coatsct  rssistsncs  or  gsp  <*£«•> 
charge. 

Using  the  seme  derivation  technique  ns  bs 


Vp  -  °P 


r  ‘ 


u/here  Qp  is  the  elemeaUt  charge  on  the  printing 
surface 

Cp  is  the  elemeotal  capacity  on  the  print  *■ 
lag  surface 

OpQ  is  the  initial  charge  condition  on  the 
printing  surface 

is  the  eifecllve  time  interval  of  current 

flos 

In  practice  Qpo  i*  aero,  because  an  un* 
charged  Kase  Is  usually  used  for  printing.  is 
usually  very  small  during  charge  transfer,  cither 
because  of  direct  conUct  conditions  or  because 
the  minute  gap  that  occurs  hss  a  very  small  volt¬ 
age  drop  after  the  discharge  surts.  Thua  the 
magnitude  of  Vp  approaches  V, 

In  practice.  V  approaches  7SO-2SOO  volts 
with  a  ^am  current  of  100  to  200  yuamps.  The 
mosaic  structure  will  permit  a  voltage  gradient 
(per  element)  on  the  order  of  250-550  volts,  de¬ 
pending  chiefly  upon  element  sice  and  spacing. 

Thus  with  no  paper  or  other  dielectric  in  position* 
a  tube  operating  at  full  beam  current  will  produce 
continuous  corona. 

The  effective  capacity  of  an  element  in  the  mo¬ 
saic  target  is  on  the  order  of  0.  i  to  1  yu  yuf  and  the 
effective  capacity  of  an  elemental  tone  on  a  typi¬ 
cal  paper  base  is  0,01  to  0. 1  ^ yubrads.  Hence* 
when  Ip  approaches  lOOyuamps  (I3  200/uamps)  a 
potential  level  of  500  to  1000  volts  may  oe  estab¬ 
lished  on  the  printing  base  in  less  than  0. 1  micro^ 
seconds.  This  means  that  printing  nnay  be  ac¬ 
complished  at  video  rates. 

This  potential  level  Is  adeq*jate  to  tenaciously 
hold  small  particles  of  positively  charged  develop¬ 
ing  dust  (pigmented  resin  powder}  oue  to  "couloonV* 
attraction,  according  to  the  well  known  relation 


Psrformancs  ractors 

The  PrlnUpbc  CRT  U  a  direct  slflcisnt. 
high  speed  printer.  At  beam  current  levels  that 
give  rise  to  a  long,  useful  life*  printing  may  ba 
secompUshed  at  video  ratea.  The  uae  of  0.001 
inch  diameter  conductive  elements  in  doss  con¬ 
tact  with  the  base  material  givee  a  high  potential 
resolution  level.  The  density  of  500  elements 
per  linear  inch  assures  "honest^  resolution  levels 
of  150-200  *’liT\es'*  per  Inch  or  over  2000  elements 
across  an  B-1/2  inch  scan.  Eight  shades  of  tons 
may  be  readily  obtained. 

The  basic  principles  described  have  been 
proved  in  practical  devices.  Useful  advanced 
performance  forms  of  Prlntaplx  writing  CRT's 
are  in  development*  including  a  very  high  speed 
alpha -fiuiTierlc  printer  with  direct  digital  char¬ 
acter  selection  input. 
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RocWfvrJ.  Ill*np'9 


Wa  ot«  ttturtufo  cturvfftjf  ViPi«  ond  •>!« «  p«f<K 

g«ur«  and  »fnoil  open  ^9*  ffo>n»  lor  «'o<lromi« 


BECKMAN  INSTRUMENTS,  INC. 

2500  FuU*r1i.n  Rood  riif1«rfon,  CoirfotfA*# 

Ptftro'cK  Oi'J  pr  odu^  *  ft  ff*  OAol  f  «•  1 .  etoo  ftV*»>Aa»tf , 
t  ovnt  I  rif  end  contfo),  M  ftprrJ  data  o^otafftin^ 
ord  'niftiilft  chcc^cuf  anofog  compMtor*, 

p»e<'**on*lei.*ror*c  «  o^v  i#'^i<p^’docioi». 

^•d'col  cl'Oicol,  Iobor9*<^f  otvl  alodroAK 


BURNFLL  &  CO.,  INC. 


lO  Petlwoy 


PalKoin  M<ir>o<,  N  Y. 


Mon^/^of  ♦w*  o*  oulto  fi1lo*».  forodn!  *.lft 

indvdorft,  r^tfol  liliorf,  delay  linoft. 


SENDIX-PACIFIC 
Division  of  Bendix  Avioticn  Corp. 

11AOO  SKoenmnWey  Norilt  Colilofnl# 

Roftoopch,  d^volopmoM.  9*«d  moAvfociuvo  of 
comporvanis  and  ftyft«<aft  foe  \irborn«  Uititorf 
Rodor,  AnTrSvbmcer  tw  Wmflaf0.  Electro* 
|A«chans<e,  Hydrouftca.  loatrwmontetiAo,  Miatito 
Co*dan<«,  Sjrfttomft  RoftooecK.  ood  Too*  E^wipmoot. 


a  • 


BIKD  ELECTRONIC  CORPORATION 

30'03  Akira**  Rood  Solori  39,  Obto 

Martwfov  tsrr«r«  ft  of:  ^TeroioltAO*  Cao»*ol  RE 
Walt*<t«1*rft  &  Load  Roftifttora.  'Thrulin#*  Dir»<> 
•sonal  Coaatol  RF  Wott«o*»r»e  *Coa»w»ich* 
C^ossal  RF  SwiicKoa.  o^  Cooai  i  RF  Fihoea, 


o  o 


.•  _  • 


BUDO  LCWYT  ELECTRONICS,  INC. 

43-72  Ovo*«a  Vraat 
Lon9  iftlortd  Ctly  I,  N«i*  Y erfi 

Faotwrsn^  o  brood  copebrfity  io  R  &  D,  ^rtd  loom^ 
loct4-rsn9  of  ftpeoet  purpoao  corr^ulorft  ortd 
arH'llory  «np  u’>om1  pwt  do'rtcos.  diB|/1oyft,  coov 

mvntcotionft,  ng  viya I  <or*,  ortd  CO w^iar  rr^oOft org ft. 


a  • 


.0  • 


Co-Sponsors  for  1960  Convention  on  Military  Electronics 


BURROUGHS  CORPORATION 


6071  S*€0«^  Av«nu« 


27,  MicKifoA 


Comp 041  opkd  dot«  p»oc«&«in9  lo4 
C^idooco,  Spoco  CKplofOtien.  on^  Com* 

mwoicotion  Syffomt  .  .  .  irvctudioy  L/SaF  A*tat. 
Sogo  ond  USH  AN/AS^S  Pro9«om%.  Woepon 
$y«t«iioft  Mono9«r  iot  USaF  Air  t.ong  Roogo  topw* 
PfCpfOMI. 


CLEVITE  ELECTRONIC 
COMPONENTS 


340S  Porbint  Av«nw« 


Clt  'olood  14,  Obio 


Dotipoofo  eod  Monu(oc*ufo>B  o1  Pi«tc^t«ctric 
Co'omtc  ond  Crytlol  Tionftduc««  EI«montt, 
Cofomic  BuodpoBB  Fih«4%»  '  Trootfiltcrt.*  toll* 
portoro^iog  Ac  C  ••  oromotof  i  ood  n^lcbtng  ptoom* 

pliliofft  Mogrvoiic  ftocordmg  Heodt  ond  Accob* 


CENTRAL  ELECTRONIC, 
MANUFACTURERS 
A  Division  of  Nucleor  Corporation 
of  America 

Powor  Triodoo,  PuliO.  PoSTifl*#,  TR  ond  Coi 
Noi«o  TuboB,  lentioiioA  Cougo*  o<td  Plottic 

WaT«9^id«o. 


COLLINS  RADIO  COMPANY 


OSS  3S*»'  N  t 


C«da*  PopidB. 


Sp«ciol>}<ng  m  tod>'  -»»>< often  and  rvovgo* 

tton  fo'  ^lound.  o>'bi  -  e  o>  tpe«.e  oppi  >eat  tonft . 
Fee  •  t  •«  1  tor  d  »  it  gn. ,  *«  .  *  ti.  '  end  mono  foment 

•I  complete  ftyttemp 


CHANCE  VOUGH^  ELECTRONICS 
DIVISION 


^14  We  At  Jeff«f»er. 


Ool^et  77,  Teiot 


Anlenr>«t 

Automatic  Contrele 
Gvownd  Support  Elecfrent't 
Nevigolionel  Electronic! 


CONNECTICUT  TELEPHONE  A 
ELECTRIC  CORPORATION 
Of  MERIDEN 


38  £lm  Street 


Mofiden,  Connecticut 


A  tuberd'orir  ol  tbe  t4o(>onel  Pneumotic  Co.,  fric- 
{end  Ho) t ter* Cobo I  Dtiiiion)  ond  rnonufect vret 
end  dofigner  oI  electronic  ccmmv««*cet'on  equip* 
men!  ond  !y»*emv  te  mJitery  tpectlicoitone* 


C.  P.  CLARE  A  CO. 


}10;  Ptai)  BI.4. 


Cbicopo  4S.  IMlnoi! 


^  ingtf 'jcturer !  el  cu!tom*built  retoye,  ttepping 
iwitebe!,  arwl  bey  twilcKt!  lor  electrenie  end 
othfr  glectficel  m«ltto«y  end  rrtdvtfriol  oppitce* 
tione. 


CORNING  GLASS  WORKS 

5S0  HtgK  S*.  C1«edlo(d,  Pertn#. 

Monulocl'jrer !  ol  bigK  rel'obtlti^f  rettttore,  ce*- 
pocitort,  prirtted  rircui>!  (rotocetom),  trimmere, 
mn»e-circwttry,  metolliied  gtoi!,  end  ullro  tonic 
delay  Imee. 


§ 


Co-SpoRsors  for  1960  Coiveitioi  oh  MHitory  SloctroRics 


COORS  PORCELAIN  COMPANY 

9th  Stf  t  CoU*A,  C«lar«4» 

Fopc^UIpi  Cofnpony  1« 

Hifh  Atuaiin«  CvpomIc  onitf  C^fO^nic  -.*•«- 
!t  aiA^mhtUt  of  profotypo  oo  w«U  oi  p«»* 
rfvction  ^wofvtllioo  to  tK#  Eloctronic  Iw^opfry. 


DALMO  VICTOR  COMPANY 
Olviiion  of  Toxtron,  tnc. 

151S  Mw»irl«t  W«Y  Catifomla 

Looior  lA  DooIq**#  Oovotopmoot  «a4  Moiwlocfuro 
•f  Fo4«f  AAtoftr««»  of  All  Typoft^  ASV  SytiflMO. 
Hy^rowtlc  mnd  pAowmotIc  CompoAoott.  ^octr^ 
hUehoAtcot  Oovicotj  CoAtfol  Syttomo  ^n4 
IIocKoaIoao. 


A 


CUBIC  CORPORATION 

Si75  K>afny  Villa  Roa4  Son  Oiag«  11,  CallL 

Mistllo  OA^  oWeralt  procition  troc^i/>p  «y«t«oiB 

AN/OSO-29,  {SECOR,  cotar,  MOPTAR, 
AGAVE)  rongo  tgloty  «yftt«ma  (El.SSE« 
COTAR),  mi*idi*!onco  lA^icoloft  (MIOAS),  Ao*o 
hoA4lit»p  o^gipmgnC  i Attfum«ntolio«a 


DAYSTROM,  INC- 

430  lAounltin  Avono*  Murroy  Hill,  H-  J- 

Dotipn.  dovolopmoM,  prodwctlof^ 
oa4  infttrwmoAtotiof^  coAtroil««-> 

•  •cwdoft,  ctr«w>l  OAolyiotf,  tfaciol  totf,  cofo* 
Mi«%icati«>A^  ftr*  conirol  oqutpmoAit.  S«rvO«, 
ftfAchtot,  pyfOB,  pot»nftom«t«rt  oa4  Awdo^ 
4OAft0l». 


A - A 


DADE  TELEVISION  DIVISION 

Tonth  Stroot  Michigan  C»*jr,  1a4Ioa* 

Coffyloto  talavitioA  •qwipmorvt  fcf  Miltfory  ood 
tndvttriol  oppi  icot  ic>nfl.  Raiggadi  Kad*  Tronal^ 
lorixad  oiiiwrna  aqu^pAant  for  bcthtlaaad  citOMit 
and  broodcaft  ra^uff amanta.  Con^lata  Raaoorch 
and  Payalapfnanf  copob<l ifioo. 


DELCO  RADIO  DIVISION 
General  Motor* 

TOO  E.  PirnMn  Stroaf  Kohano,  Indiona 

Dafco  Radio  copobililiaa  includa  rataofcf^ 
davafopn»ant,  monvfoctgva  of  atotlc  powof 
compoia'a,  aolid  ttata  davicat, 
catior*  aqvipmant,  trontlato.-iiad  cWculla,  iadaa« 
praaiokity  fu«afl,  and  diracl  coAvafiia«. 


A - A 


DALE  PRODUCTS,  INC. 

Boa  136  Colv*nbw«,  Nabraaka 

fsOiiotort,  Trimmar  Potantiomataf  o,  ICr*ab«y 
HytTaraoit  Motor*  ond  Nafwork*.  A  taliabla 
Facility  lo*  Subcontroct  Monuloctwr  ing  of  Elac- 
troikic  Eqv>fm»nt,  Cablot  and  Ffintad  CirciHft. 


EDO  CORPORATION 

Colloga  Point,  K.  V, 

EDO  (CANADA)  LTD. 

Carrxwall,  Ontaria 

World  Laodai.  In  SOKAft 

Ac<*«a  -  Poftai*#  Abooa  tha  Saa 
On  tha  ^a  w  Undo*  tlw  Saa 


Co-Spoisors  fc  1960  CoiveaHoi  oa  Militory  Electroalcs 


ELECTRALAB  PRINTED 
ELECTRONICS  CORPORATION 

I7S  *A*  StTMl  *4,  M<»«. 

Prints  wiring;  <lrc«4t  •k<I« 

«lv«ly  lor  hIgK  rolloblllty  oloctronlco.  Flooii 
circwitt;  C  U  -  C  0  N  hsln,  PROTO* 

WIKING  OEPARTMFNT  m»v«c*«  ?u*k 
«Mt>.  PRO  TOM  AKA;  *«*M  4»-l»-rWMir 

laboratory. 

- A - 


THE  GARREn  CORPORATION 

M51  $.  DIvJL  Loo  Anfaloo  4LC^A. 

AlftoMorcIi  MonwIocfiMlnf  Oirlolono  ■— mifoO' 
tororo  of  Sjrtloio*/  PoeKapoo  and  CMnponontt  Kt 
Aitcrolt,  Miaailoj  Nw^toar  on4  Indaalrioi  Applies 
tIor.Wo 


ELECTRONIC  ASSOCIATES,  INC 

Long  GfonrK.  How  J</oay 

Manufoelurort  of  tK«  PACC^  231  A/iaf^  tw 
pwtar,  Ooto  Precatrlng  E^ulpmant,  LoWofotory 
loitfurrvoAta  and  Analog  Con^ufing  Sorvtcoi  ot 
Princoton,  N.  J.;  Lot  Ar.^l*.'S«  California;  and 
bfgitoliy  BalgIvfNo 


G.  8.  ELECTRONICS  CORPORATION 
Subsidiary  of  General  Bronze  Cotp. 

Valloy  Straom^  L.  !.»  N.  Y, 

Datign,  C^votopobofit  ond  Prodwctlonof  InlogrotoA 
Antanno  Syatoma  for  Tiocklrtgu  Talo^nalorlng, 
Co^m^fAlcaiiona  and  Sf^oea  Tachnology. 


- iir- - 

FAIRCHILD  CAMERA  & 
INSTRUMENT  CORP. 

300  Robbina  Lona  SyotioN^  H.  Y. 

A  fullyintagrofad  SyBtama  Managamant  orgonU 
lotion  apacieliiing  in  Aariol  Raconnai  ••anca 
Syfttama  and  Cama«a«;  Rapid  Film  ProcotiQ'a; 
Elacvronic  Oota gatKaring.  Ptocaaaing  and  Tfona* 
ml oftion  $y»foma« 

- A - ^ 


- ^ - 

GENERAL  ELECTRIC  COMPANY 

Indtfatriaf  Porby  CavH  Straa)  $yroawao«  N.  Y. 

Tbo  Haovy  Military  Flacf#anica  Daporta^onB  arM 
lao*Mfo  a  brood  capability  ond  compatonco  in 
daaign  ond  wionuloctura  of  Dofanaa  Elactranico 
Egwlpniant  >  ,  *  froia  amall  caayononta  io  An 
world*!  lorgaat  radar  ryatoma. 

- A - 


FENWAc  ELECTRONICS,  INC. 

3^  Malian  ^rioot  Freroingbamy  Maaa. 

Pionaa't  In  Rata^tcK  or^d  Da»a1opmonf  and  tha 
Monwfoctvra  of  ThfrM>siotB  Ptacitlon  Trana> 
ducart  o*  T#frf)afation,  Fls/w,  Ligatd  Laval, 
Tha  'not  Conduc  ivity  Maaownamonti^  ond 
Tanvparat^a  Co.npantation. 


GENERAL  ELECTRODYNAMICS 
CORPORATION 

4430  Faraat  Lor«o  Garland^  Taaoa 

Engagad  irr  iTia  davalopmona  and  a»arvufoctsrra  al 
vidicona,  afaraga  tvbaa,  apaciql  parpvaa  dia^lag 
fwbaa  and  •ndoaiviaf  RF  agulpmonl. 


Co-SpoRSors  for  1960  CorvorHoi  or  Iflilitory  ElectroRics 


Th«  GRAY  MANUFACTURING 
COMPANY 

16  A#W  1,  C*mi. 

Electronic  <e«n«nwnlcotie«%«  fire^wctt,  afoOMia 
•r>6  coMponontt  for  oviotlcn,  inAfctrf  mmd  tl»a 
oneod  foicoc.  Cowplotoly  J«vf«groW4 
en4  pro6vctlon  focilitiot  to  wi4o  roMpp 

•f  projocto. 


THE  INDIUM  CORPORATION 
OF  AMERICA 

U7*  LIm»I«  Am.  Utie*.  M.  T. 

Su^^iaf*  ■(  ^  )n4<un  awlal  ^•4vc«*  -  v  »  "  *>'. 

1*11.  ^lUts.  xiivMas,  pralotM,  ««C 

wlra,  *04  mUs. 


-3^^ - - - - 


HOOVER  ELECTRONICS  COMPANY 

110  W««l  Tinhoniuo)  TlmoAiui^  Mory1«<*6 

A  Crowing  )nf1\>on40  in  Etoctronlco:  Sr»*owR 
Enginoorinx*  Tolomotoring  Comporvont* 
tanit;  Spociot  7otf,  Aufomotic  Chockewff,  CreoaJ 
Support  on4  Oro«jn6  Cont/o!  Egwipmonl;  Specie! 
Airborne  or>6  Mobil#  lnttfgmenf#ti#ik 


INSTRU/AENTS  FOR  INDUSTRY,  INC 

MIN^wSmARooJ  HichivlIU,  L.I..  NmYcA 

Oe#»pner#  enJ  Mor^gfocti##*#  of  eoMplot#  Milifwy 
Eloctionic  S^atontR,  Counlor<fv#oiiur#a,  VHF/IIHF 
R#c#ivor#,  Specici  Ro<#ivor».  Low  Noiao  Aepti- 
•  i#rt  Wi Jobeo^  Srtt«mi«  Tel#fnotry  and  Orewai 
Support  E^w^fooeot. 


^ ^ 


HORMAN  ASSOCIATES 

94l  Rollin#  Avem#*  RocSvillov 

Elocrronic  tnofromontatlon-Fer  Gevonaaieet 
en4  In^WClry 


- - 

INTERNATIONAL  BUSINESS 
AMCHINES  CORP. 

Federal  Systems  Oivlsion 

326  Montgomory  Avonwo  Rocbvill#,  Merylenrf 

Eloctronlc  «lr,  ##o,  grown^  b###^  Infarwattee 
hon41lng  syifom#  •>  data  ocqwieitloM  epplf> 
eotion,  coMMiii/nicotions,  4ot#  proce  ••Inf.  Sye- 
tom*  ^nofomont,  a^tlomt  6o»#1opn>#nt, fo#op»<t^ 
•r.fir>##r}nf.  prodvcMor^  iriftniletiee  mnd  field 
OMppert. 


ITT  COMPONENTS  DIVISION 

P.O.  &o»  412  Oiflon,  Now  Jovaap 

ITT  C»ay oia»*e»  Divigton  of  Irttfnotlonol  Tef^ 
pberte  A  Toaegropn  Corporotinw  If  •  inoi#f  0^ 
pliov  el  twhw«„  silicon  on4  S#tonig«i  recltfinr^ 
tonlolwan  egyecitoff  ond  bormeflc  coofo  9m 
n»fl«tory  and  ■ndvgtrioJ  rofolrementi. 


- A - 

JANSKY  &  BAILEY,  INC. 

{An  Affiliate  of 
Aflwitic  Research  Corp.) 

1339  WigcQwe^  Avenwo  Wotblngien  7«  Dl  O 

Spocioligto  hm  eloctrortlcf  fine#  1930,  Jondip  A 
Bolioy,  Inc.  efforg  cnw^lale  onginooring  gor««CM 

lor  oppliod  rwoeercS,  daglgn,  end  developiaewt  •• 
com>emifce#'ia^Js,  novlfotlort,  ontennet,  propf 
Non,  ceentnreae  at  urea,  end  Irnerferenco. 


Co-$poRSors  for  1960  Convostioi  or  Military  ElectroRics 


KEARFOn  DIVISION 
of  Gonoral  Preciiion,  Inc. 

LittI*  Nm  Jf — y 

CWtlofi  moowfMtMV«  •!  ImpKoI  CwiOtiHat 

Syttvwi,  Ftoot*^  Gyrotj  PI«tfor«  S«rv« 

SystMR  Coni^on«nt«,  Ground  S*<pf prf  ovi^  T«tt 

MleTow«v«  •ni  SyplMi^ 

f««rit«  lyl«t«rial  orW  F#rrlt«  Cowyp npntfc 


LOftAL  ELECTRONIC 
COftPORATION 

025  5roAji  Rl««r  Aw»i*w  N«w  Y«fli  72«  N.  T. 

0«pigA«r,  Dp— Pr*4wc««  •!  #0— ocbJ 

Bi»c*»piric  pytt^Mp  for  ASW,  ACW,  N«v^ 
Qotiort.  lU^O'— Itpoooo,  Fpppivo  Do««<tioi^ 
PBf>otvoilon  AVjp,  Oeokbof  Dofpntp^  en^  Cowot«r> 
Nkoapijrop  for  DopitPipiit  of  Dofoopo. 


LEACH  CORPORATION 

1843S  Sutoop  Roo4  Com^ton«  Collf. 

Mom^factiaar*  of  al acfr^awcHontcolj  oloctfofiic 
pn4  pali4  ptcta  compo.'^antp  anrf  pyplpmp  (rolpyp, 
conloctoft,  tlmppp  A  molfijn«t(oa  4ovic,.t); 
ini1r«anpn1a>ioo  and  pwWfyptaMp;  ppwof  conrpf* 
•iOA  and  control  and  df  ptriW/lloM  typtoma. 


LORD  MANUFACTURING 
COMPANY 

143S  W«.t  12fli  Erl««  P.Mityl.oitla 

(-•adaf  In  ^tlgn  «nj  monufcclui*  of  vIIwoIImi 
>n4  ihock  cMUral  nounlingt  anj  coH^lat* 
syataa*. 


.0  • 


LITTON  INDUSTRIES 

336  No.  Foothill  Rda  Eovofly  Hiltp,  Calif. 

SyfttorotMonoQpmant.Monidocfuroof  Compononti^ 
CooMnunicofionp  Tactical  Data  Sya> 

tooip.  Eloctron  Twbot,  Inortiol  C<vidonca  Syptomp^ 
Goo^yiicol  Apporotup.  Facpiadla 
Rodo;  Syptamp,  Computofi,  Inotruaiant  Landln^i 
5yalo«»p.  and  Spoco  Rptoarcli. 


•  • 


AAACHLETT  LABORATORIES,  INC. 

IPo3  Haft  tfrM*  S^1nf4«l.,  Comi. 

Elactron  T«h.m;  UHF  PImi  TrioJ..;  SSi.lM 
Ctid  Triad..,  T.lt.d.1  &  R.ci'liw.;  TV  Coaw. 
TuIm..-  ictn  COTrr.r.lMl  Twhai;  Hloh  Po«« 
V.9W  CmIW  Triad... 


-f  0 


Co-Spoisors  for  1960  Convontioi  oi  Military  Electroilcs 


MELPAR,  INC. 

3000  Arlingtvn  Foll«  CHufcK  V«. 

it  in  lh«  aC 

Militnty  ond  indutlriol  •Inctf^nict,  «ncUiin^ 
•voildbl*  •l•ctr•Aic  •qiiipmnn't  qnW 
•l•clr»•c^•mi€«l  on^  cifcWt 

t«r«rictt. 


A 


NORTON  ASSOCIATES,  INC. 

340  OM  Cownfty  Ro«4  KIchtMlI*,  H*w  Ywh 

HigK  moQn^tic  K*odt«  r«co«4, 

4w««,  tingl*  and  multltMck  for  t«p«,  llli% 

wi««,  druai  ond  ink  chn»#ctt#  f«ca§ni« 


I 

1 


MINCOM  DIVISION 
MtnrK^iOta  Mining  and  AAanufacturlng 
Compony 

3040  S.  BArrington  Av«.  Lot  Arvg«l«&  2S, 

R«cording/P«producing  ^y»tom«.  Mod«l  C'I00« 
olt  ■  pu'po»«  iAfttrunn#  AioNoA  f«co«dof,  oil* 
troniiiioiisod,  iA»tontoi^«owt  ip««d  cKongo. 
Modol  CV'iCv/,  kovtn  ono'rnogocyct*  •nttcvmo^ 
lotion  vidoo  cKonn«lt«  1/2*inch  topo. 


PACKARD  BELL  ELECTRONICS 
CORPORATION 

12333  OlymptL  Dlvd.  Lot  An^l«t.64,  Coirf. 

RocoorcH,  dotign,  dovo’op'nont  or»d  p«oduction 
ol  ol^cttOAic  oquiprnont  including  ovtomotic 
•locltonic  ckeckeol  equtpm«n«.  IFF,  communico* 
tiont^  fodof  ond  fodio  b«acont,  lop*  recordoi* 
foproducof  dovicot.  con»pwt««t.  co«npwio«  logic 
dov«cot,  ATC  oquipmonf,  ond  higH-t«<npo«olMro 
ftfOAtdwcott  ond  connocio**. 


MYCALEX  CORPORATION  OF 
AMERICA 

125  Clilion  Blvd.  Not/ 

Pre^tiiO'vmoldod  k*YCALEX  glott'bondod  mico, 
SUPRAMiCA  <«/cinK.-olottict  and  STNTHAMICA 
oyntliotic  mico.  Comp/o  1 1 :  On>  «nol  dnd  MYCALHX 
gloti'bond.vd  rnico,  SUPRAMICA  coromoplgttic  « 
ond  SYNTHAMICA  tyniHofic  mico  prodvdo  o«d 
ceniponontt. 


PHILCO  CORPORATION 
Government  and  Industrial  Group 

4700  W«ttaKicVon  Avo.  Phtlodolphiq  44«  Po. 

RoteO'cH,  dtvolopmcnt,  detign  ond  monuloclioo 
of  odvoncoc  floctronicn  ty«lrn>t  fo#  tpncr  coot* 
municotiont,  lodor,  mittilo  guidonct  ond  coniigj, 
oir  lioffic  conifol  ond  doto  p#ocetting.  tytlomt 
ongtnovrmg  gnd  monogomontr 


NEM5-CLARKE  COMPANY 
Division  of  Vitro  Corporation 
of  America 

919  J«»up-6toir  Dnva  S'lrr^  Spring,  M4. 

Co^nmunicoiton  Rgcv  ■•*%.  Preamp  I  if  i«rc,  Multi- 
coupitrt,  Ottp^oy  Unitt,  Broodcotl  ond  TV 
LquipmtnT,  Medicol  £  lee  tron  i  c  »  ond  P^-^tp  FlptK. 


POLYTECHNIC  RESEARCH  & 
DEVELOPMENT  CO.,  INC. 

202  TiHory  $)(••!  Brooklyn  1,  N.  Y. 

PRO  £l«Clfonsct  Co.,  •  twotidrory  of  Horrit* 
Inipfiypp  Coiporolien,  Monufodurpt  ol  Mterowovo 

•  nd  Clgclfonrc  TptI  Equ'pioant. 


Co-Spoisors  for  1960  CoRVORtioa  oi  Militory  Eloctronlcs 


POTTER  INSTRUMENT 
COMPANY,  INC. 

Sunnytid*  Blvd.  Ploinvivar,  L.  I.,  N«w  Y*fll 

Oigitol  doto  precasting  aqaipmenfr  Mgriatic 
top*  troAtpeeft,  K>odt,  arnplifiavt^  perforalW 
top*  raodaft,  printart,  cKackoet  littacft 
datignand  monufactura,  includirrg  cenkblrMtlom 
cf  ihata  con\per>anlt. 

- A - 


RAYMOND  ENGINEERING 
LABORATORY,  INC. 

Vnith  SNaal  Middlalown^  CoAnactievt 

SpaC'olittt  in  da'^atepm^t  ond  pracition  r««an«^> 
foct«^a  of  Timaf'Accetaromervrt,  Programmar «; 
Sofaty  &  /viming  tytlamt,  Tepa  Ra<a#darft  fp' 
Satallitat  and  Mittilat. 


-A 


REPUBLIC  AVIATION  CORf . 

Formingdolp,  L.l,«  Naw  Y**4i 

lykjAMfoctivpa  pi  AdvaPcad  Alrcrolt,  MiaaiUa  mnd 
Sppcpctpft^ 


- A - 

ROBERTSHAW-rULTON  CONTROLS 
COMPANY 

AeronoulScal  &  Insiroment  Division 

Santo  Ano  Ftaaway  at  Ewelid  AnoKaim,  Cafilt 

Monufacturar  ol  MULTILOK  communicolien  aqui^ 
mant.  Oircrolt  tlobtlsly  evgn^niation.  omplifiart 
and  contral  tyttama;  ptacitian  <rytlol  e«ant« 
and  tndutfriel  control  inslrumanlotion  and 
ayatama. 

- - 


RAYTHEON  COMPANY 
Microwave  &  Power  Tube  Division 

Foundry  Avanwa  Waltham,  Meat. 

Craotiva  microwova  tachnalogy  at  Spancar  LobO' 
rgtory  ia  Amplirron»0,  Mog«>a>ront,  Klyttront, 
Irovaling  Wove  Tvbat  and  Bockword  Wava 
O  iciildiora. 


SPEIDEL  CORP. 

Induslriol  Division 

89  5ht^  Straaf  Providar*ca,  R.  I, 

Inartia  compantotad  racordari  for  mittilaa  ond 
OMcroit,  alac’ranic  paltart  and  timar  t,  prattvra 
•witchaa,  diophrogmt  ond  coptulat,  tnarfia 
awitchat.  ovtometic  parochvta  daploymaM  da* 
vicat,  mognato'hydrodyncmic  gyro  davicat. 


A - —  - A 


REMINGTON  RAND 
UNIVAC  DIVISION  OF 
SPERRY  RAND  CORPORATION 

315  Port  Awa-iua  South  Naw  Yo«k  10,  N.  V. 


SPERRY  MICROV/AVE 
ELECTRONIC  COMPANY 
Division  of  Sperry  Rond  Corporotion 

ClaorarQtar,  Flarido 

fa#  fwaniyyaart  in  Microlina  ©  ,  ailcra* 
>^ova  tatt  ond  •naatutamant  inatrurnantt,  cenw 
ponantt  and  oniannot,  tatt  talt,  tytfamt  inttrm 
fnaniat«a«»  and  tolid  t*ota  davicat. 


Co-Sfoisors  for  1960  Coiveetl 


r  .idry  Elfctroilcs 


SPERRY  ELECTRONIC  JURE  DIVISION 
Spmrj  Rond  CoqMraHon 
CW<«*svin«, 

Himgtictwf— #  *1  «p««« 

pr9ci»«««  ra4«r  •pptic^llM^a  ~ 

P  t* 

V  %mft4  aillllwtft  tkroufH 

nigj'nttt  pmfwm 


SYSTEM  DEVELOPMENT 
CORPORATION 

2900  Caknifc  Av*.  Santa  Monica.  Calll. 

Tlia  IrtOiw  l>«»«lo»a»ont  Coraa'allan  la  an 
tnAnfaaAaa*.  nan  pcollt  or(aniiat>an  cnfOfoA  tm 
*<ia  ^aaolaaanant  a(  lotga-ocala  oianatanioat 
mmd  ctwaianO  cantral  syotama. 


- - - 


SPRAGUE  ELECTRIC  COMPANY 

R«1iflWI«  6t<iC^on{c  Com^on«n1« 


TECHNICAL  APPLIANCE 
CORPORATION 

I  Tmb  Sli«^  A*,  N*w  Yoik 

TACO  Ior  C*«MAuAiretioA  and  IndiPt* 

fr4^  imi  witm  R»9«tK*r  wlPh  allied  ^oJvcV*  will 
W  m  W«*lK  wKtcK  will  b«  kjr 

AitAcUtwt. 


ST.  REGIS  PAPER  COMPANY 
PANELYTE  DIVISION 

8318  Av«.  Wothlngiton  I4«  D-  C. 


- - 

UNITED  TRANSFORMER 
CORPORATION 

UO  Vartafc  3aaa«  Now  York  13.  N.  Y. 

•  Alawit  30  )r»«r*  #rp»pl«nc«  «o»uf«ci«rlfif 

I ty  tPontlocm«Y»,  flll«ra,  high  Q 
c«d^  mmfampB,  Ate. 

w  l»088  «<»c8og  il««Na  liAwdUtely  «vdlleblA 
%<Mi  fmm  tocdl  tdbkdf 

#  Sf  xi^n  t»  ydwr  tp»clfk«lloA» 


- - - £2r 


SUMMERS  GYROSCOPE  COMPANY 

3300  BrJdOwj  Mpnlco.  Cfllll. 

Cyro9C9ptc  »•»» dwwMa  dnd  tyitAmt  laf  ■>« Af%<d 
«i*d  wWiMiiwd  •rrcTdfta 


VARO  MANUFACTURING  CO.,  INC. 

2291  VAaat  lira  at  OarlonA.  Taaaa 

RESEAMOt  -  DEVELOPMENT  -  PRODUCTION 

iaIiWJba* 

LWCaOaRCUITRV  II.  MICROWAVE 
in.  PRECISION  POWER 

CanacaHa^llaa.iiTaan,nl,  Central  anJ  Convaralarw. 


Co-SpoMsors  for  1960  Coivoition  on  Military  Electroielcs 


WESTERN  ELECTRIC  COMPANY,  INC 

195  e4*«J«ar  N*«  Yarh  7.  Nmt  V«4 


- A - 

WESTINGHOUSE  ELECTRIC 
CORPORATION 
Defense  Products  Group 
1625  K  $>'•••,  N.  W.  WaiKlAfiftfl  &,  D.C 

L«Qd«r  in  r«t«ar«:K,  44tigp« 

•Mnufocluv*  <A  mitilo#v  ond  #^uip.'7k«nl 

Im  tH«  Xrm#d  end  Hi#  D«Uam  lAi^«tTr> 

- A  . 

WESTINGHOUSE  ELECTRIC 
CORPORATION 
Electronic  Tube  Division 
P.O.  &OII  284  Elmii*,  N*w 

For  In^ormotion  or  R«i«orcS  or>4  0<tvolopmof# 
Activiliof  in  rh«  Clocfronic  Tvb«  Writ* 

«e  R.  R.  fCoommoro#^  OovornmonI  Corvtroct 
Adminifttrotor  of  obovo  oddrooo. 


WHEELER  LABORATORIES,  INC. 

A  Subsidiory  of  Hczeltine  Corp. 

m  CuitM  Mill  IU«r  Craot  NmIi,  n.  y. 

Contulfinf  Aorvicoo*  onginooring,  onj 

^•oign;  Ap«cloltaU>t  ontonnj  4^ 

volopmont,  wow<ogw»4«  cuf  tonft;  ««if 

•^uipmonf;  Antonno  Lobc*^oijr  on^  lOAt  fOAgs 
cf  SmithtOYinv  L.  L 

- ^ - 

YARDNEY  ELEaRlC  COAAPANY 

40-50  LaonafS  5hm<  H*»  YerV  1X  N.  Y. 

*i*ionecfa  im  Co"%p«€t  ® 

MoAufoctoroTA  of  Amslt,  le^twoigbt  SlLVEH' 

C£t  0  ond  SILCAr  0 
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